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ABSTRACT OF DISSERTATION
CELLULAR BIOENERGETICS REGULATES CELL PROLIFERATION DURING
MAMMALIAN REGENERATION

Mammalian system consists of stress-sensing molecules that regulates their cellular
response against damage, injury and oncogenic stress. During vertebrate regeneration,
cells responding to injury re-enter the cell cycle and proliferate to form new tissue. Cell
cycle re-entry or arrest is at least partly regulated by cellular senescence which negatively
impacts the proliferative pool of cells during regeneration. What remains unclear is whether
cells in regenerating systems possess an increased propensity to proliferate and are
refractory to signals that induce senescence. My thesis work has focused on how fibroblasts
from the ear pinna differentially regulate healing in highly regenerative mammals (e.g.,
Acomys and Oryctolagus) and mammals that heal by scarring (e.g., Mus and Rattus).
Fibroblasts are important because they tend to proliferate and migrate to heal injured tissue.
Hydrogen peroxide (H2O2) exposure significantly decreased cell proliferation and
activated senescent pathways in cells from mice and rats whereas cells from spiny mice
and rabbits were highly resistant to this H2O2 exposure. We found increased intracellular
H2O2 was detoxified more efficiently in cells from regenerating specie by higher GPx
activity and this in turn helped to maintain mitochondrial stability. Importantly,
pretreatment with N-acetylcysteine (NAC) protected Mus and Rattus cells from ROSinduced cellular senescence. Collectively, our research shows that intrinsic cellular
differences in stress-sensing mechanisms partially explain inter-specific variation in
regenerative ability. My first manuscript summarizing first part of my dissertation research
was published in one of the top biology journals, Nature Communications in 2019.
In the second part of my thesis, we tested how injury-induced oxidative stress (ROS)
regulates cell proliferation during regeneration of the ear pinna in spiny mice compared to
scarring in lab mice. It was previously shown that ROS is required for regeneration in two
different vertebrate regeneration models (zebrafish and Xenopus). However, it remains
unknown whether this type of ROS generation is required for regeneration in Acomys and
if so, how this signaling regulates the regeneration response. Our data suggested that initial
ROS burst act as a signaling center to help in cell proliferation during regeneration in
Acomys whereas the imbalanced ROS burst leads to cell cycle arrest during scarring in
Mus. The third part of my thesis is focused on how mitochondrial phenotype can impact

the tissue healing process. Till date, we found that Acomys fibroblasts have rounded
morphology, lower mitochondrial mass and rely on glycolysis for their energy needs
whereas fibroblasts from Mus have elongated morphology, higher mitochondrial mass and
they mostly fulfil their energy demand via oxidative phosphorylation.
This work will uncover the differential injury responses of regenerating or scarring animals
and the extent to which the injury response relies on mitochondrial bioenergetics. I believe
we have opened up a new frontier in regeneration science with the potential to have a
significant impact on our society.

KEYWORDS: ROS, regeneration, scarring, senescence, mitochondrial bioenergetics,
apoptosis
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CHAPTER 1. INTRODUCTION
1.1

Regeneration
Complex tissue regeneration is very rare in adult humans. However, adult humans

can regenerate some organs and tissues post injury as exemplified by liver regeneration
and turnover of epithelial layer of uterus, intestine and skin. Scar formation is the
cellular response to most tissue injuries in mammals. Hence, it is important to
understand how cell types respond differentially after complex tissue injury in the
paradigm of regeneration or scarring. The current study compares the mammalian
model of ear pinna regeneration in spiny mouse (Acomys) and scar formation in lab
mouse (Mus) to understand how a similar injury leads to different tissue healing
outcomes. We investigated the intrinsic differences of the cells and their differential
response towards similar stress/injury in culture and in complex in vivo environment.
Overall, the study focuses on the impact of ROS signaling, cellular senescence and
mitochondrial bioenergetics during regeneration and scarring.
Regeneration is the capability of an organism to replace the lost or damaged parts
of the body. The ability to regenerate is widely variable across the animal kingdom.
For instance, invertebrates such as Hydra and planaria can regenerate the whole body.
However, vertebrates such as salamanders and zebrafish can regenerate multiple organs
and tissue while mammals have a low regenerative ability (Seifert and Muneoka, 2018).
There are multiple ways to classify the different types of animal regeneration (Iismaa et
al., 2018; Simkin and Seifert, 2018b).
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1.1.1

Different modes of animal regeneration

There are three major ways by which regeneration can occur in animals (Figure
1.1). During physiological regeneration, dead or dying cells are naturally replaced; e.g.,
blood cells, epidermis (Chuong et al., 2012; Feleke et al., 2020). During hypertrophic
regeneration, the injured organ or tissue can either increase in size (such as lung or kidney)
or rebuild equivalent lost mass (such as in liver) to compensate and restore functionality
(Michalopoulos, 2007). Reparative regeneration replaces lost or damaged tissue with
newly formed, repatterned tissue and this process can be classified as morphallaxis, nonblastema mediated tissue regeneration or blastema mediated (epimorphic regeneration)
(Agata et al., 2007).

During morphallaxis, local tissues undergo remodeling and

reorganization followed by re-patterning of the existing tissue to form the regenerated
structure. Cell proliferation only contributes to growth after re-patterning is complete as
seen in Hydra (Buzgariu et al., 2018). The replacement of damaged tissue such as muscle,
skin or heart was processed without the formation of blastema as it was mainly led by the
presence of stem cell population in the tissue or organ (Karalaki et al., 2009; Smits et al.,
2005) . On the other hand, epimorphic regeneration involves the accumulation and
proliferation of cells prior to and during re-formation (morphogenesis) of the lost tissue
(King and Newmark, 2012). The phenomenon of epimorphic regeneration involves the
reactivation of silenced embryonic patterning genes. However, the epimorphic mode of
regeneration varies widely across different animal groups.
Epimorphic regeneration of an entire organism (i.e., whole body regeneration) is
present in many invertebrates, but it is non-existent in vertebrates. For example, planaria
are capable of regenerating at least 32 whole organisms from a single animal cut into
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smaller fractions (Morgan, 1898). Hydra can regenerate polyps and Drosophila larvae are
able to regenerate imaginal discs (Bosch, 2007; Lenhoff and Lenhoff, 1988; Smith-Bolton
et al., 2009). Similarly, certain vertebrates like zebrafish and salamander are able to
regenerate their fins, limbs, and numerous vital organs (Gemberling et al., 2013).
However, in vertebrates the capability of regeneration is mostly confined to embryo or
larval stages. Rare examples of epimorphic tissue regeneration have been found in adult
mammals, e.g., mouse digit tips and the ear pinna in African spiny mice (Acomys) and
rabbits (Oryctolagus). This study focuses on complex tissue injury of ear pinna where
Acomys heals through regeneration whereas a similar injury heals through scar formation
in mouse. This comparative analysis characterizes the similarities and dissimilarities at
genetic, molecular and cellular level between the two types of tissue healing outcomes.

Tissue injury or loss

Physiological
regeneration

Reparative
regeneration

Hypertrophy

(Natural replacement of worn-out
cells such as Antler regeneration,
Epithelial regeneration
such as epidermis, gut lining)

Epimorphic
regeneration
Blastema mediated
regeneration such as
planiaria head
regeneration, caudal
fin regeneration
in zebrafish,limb and
tail regeneration in
salamander, Ear pinna
regeneration in Acomys
and Oryctolagus

Morphallaxis
Remodeling
after severe
injury such as
regeneration
in Hydra

Tissue
regeneration
Non-blastema
mediated
regeneration
such as
muscle, bone,
skin and heart

Compensatory

Restoration

Increase in size of
organs such as
lung and kidney

Restoration of
organs such as
liver and pancreas

Figure 1.1 Modes of regeneration.
The tissue injury or damage or loss was healed through different types of regeneration such
as physiological regeneration, reparative regeneration and hypertrophy.
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1.1.2

Early events during epimorphic regeneration in Acomys compared to
scar formation in Mus

This comparative study will delineate the key differences during regeneration in
Acomys compared to scarring in Mus. Acomys is able to regenerate cartilage, skin, hair
follicles, and sebaceous glands after 4mm punched ear hole (Seifert et al., 2012b). The
cellular response to injury is an important aspect of tissue healing and one that plays a role
in whether an animal will regenerate or form a scar. It was shown that while a 2mm ear
punch was healed in the MRL mouse strain they failed to close 4mm holes whereas Acomys
was able to heal 4mm and 8mm ear punch (Gawriluk et al., 2016b). A 4mm punched ear
pinna injury in Acomys and Mus leads to a differential injury response from local cells
which contributes to epimorphic regeneration in Acomys and scar formation in Mus (Figure
1.2) (Gawriluk et al., 2016b; Seifert et al., 2012b). For instance, early injury events
including the infiltration of erythrocytes (which formed the blood clot) and recruitment of
circulatory leukocytes near the wound site helps to initiate the inflammation process.
Recruited neutrophils assist in pathogen death and removal of cell debris. Neutrophil
activation and recruitment was higher and faster during Mus scarring (as early as D1)
compared to regeneration in Acomys (Gawriluk et al., 2016b; Simkin et al., 2017a).
Circulating pro-inflammatory macrophages infiltrate the wound site to remove neutrophils
and cell debris. A higher NaDPH-oxidase activity was found during Acomys regeneration
compared to the scarring event in Mus (Simkin et al., 2017a). NaDPH-oxidase produces
reactive oxygen intermediates (ROI) that protect against bacteria and viruses. In contrast,
the immune response during scar formation in Mus involved macrophage and neutrophils
but higher numbers of neutrophils were found in Mus compared to Acomys. The existence
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of higher population of neutrophils in Mus was confirmed by the presence of higher activity
of myeloperoxidase (MPO) during early inflammation phase (Simkin et al., 2017a). At
later stages of wound healing, anti-inflammatory macrophages were present and resolve
inflammation process.
Coincident with re-epithelization, scarring and regeneration display different types
of extra-cellular matrix (ECM) components and nerve factors. A higher expression of
nerve activators such as Lgi2, Lgi3, Cthrc1, Lama1 and Nell and ECM proteins such as Tnc
and Fn1 was found in Acomys whereas the expression of collagen subunits and chondroitin
sulfate proteoglycans such as Fbn1, Col1a1, Col3a1 and others was higher in Mus post
injury (Brant et al., 2016; Gawriluk et al., 2016b). The distinct ECM components in
Acomys helps blastema formation (Seifert and Muneoka, 2018). Important features of
Acomys ear pinna blastema include the loss of apical-basal polarity in keratinocytes,
proliferating cells at proximal part of wound, intense keratin 17 staining in wound
epidermis, rounded fibroblast suggestive of proliferation, and new distal peripheral nerve
growth (Gawriluk et al., 2016b). In contrast, Mus has fully stratified squamous cells in
neo-epidermis, less proliferating cells, patchy keratin 17 expression at D15, and spindle
shaped fibroblast suggestive of fiber deposition. The blastemal cells in Acomys re-enter
cell cycle and complete cell division to grow new tissue (Gawriluk et al., 2016b; Seifert et
al., 2012b). While in Acomys mesenchymal cells re-enter cell cycle, proliferate and divide,
Mus cells re-enter the cell-cycle and pause in G1 phase. Additionally, the tumor suppressor
protein, p27 and p21 are nuclear localized in Mus suggesting the inhibition of cell division
(Gawriluk et al., 2016b). The cells in Acomys proliferate until the complete ear hole closes
(~D40-45) whereas, due to cell cycle arrest, the similar injury in Mus forms scar. Tissue
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regeneration progresses through the coordination of signaling molecules, pathways and
different cell types including immune cells and mesenchymal cells (fibroblasts).

a

Ear pinna

Acomys
regeneration
4mm

Regenerated
completely

Day 0
b

Mus
Scarring

Day 10

Day 25

Day 45

Ear pinna
scar
tissue
formed

4mm

Day 0
Inflammation

c

Day 10

Day 25

Re-epithelialzation New tissue formation
Maintainance of
Cell proliferation

Major
events

Early signals for
cell proliferation
and recruitments
(ROS, cytokines)

Day 45

Immune response
(neutrophils,
macrophages)

Regeneration

Establishment of signaling
centers (innervation, ECM
deposition)
Increased expression of
cell cycle inhibitors

Scarring

Figure 1.2 Tissue healing events during regeneration in Acomys compared to scarring
in Mus.
(a, b) The 4mm ear hole was punched in Acomys which was regenerated completely at Day
45 whereas the similar injury was healed through scar formation in Mus. (c) The initial
phase during regeneration in Acomys and scarring in Mus was common as early injury
signaling molecules such as ROS and cytokines were released, immune cells (neutrophils
and macrophages) were activated followed by the new tissue formation. The cell
proliferation was sustained in Acomys which leads to regeneration in them whereas the
activation of cell cycle inhibitors leads to scar formation in Mus.
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1.1.3

The role of fibroblasts during regeneration

Tissue healing process includes the coordinated interaction of different cell types.
Upon injury, dying cells release many factors including damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) (Roh and Sohn,
2018). Additionally, cells produce excess reactive oxygen species (ROS) and its release
into the extracellular space activates immune and mesenchymal cells (Mescher, 2017).
Apart from immune cells, fibroblasts are the major cell type which regulate tissue healing
process. Lineage tracing and transplantation experiment of mice fibroblasts showed that
distinct heterogenous population of skin connective tissue fibroblasts exists where one
lineage forms upper dermis and dermal papilla whereas another one forms lower dermal
layer (Driskell et al., 2013). During wound healing phase, fibroblasts deposit extracellular
matrix (ECM) components in the wounded area. Injury activates the interaction of
fibronectin and keratinocytes which helps keratinocytes migration and tissue healing
(Larjava et al., 2013). Fibroblasts also play a role in contracting the wounded area by
differentiating into myofibroblasts and remodeling the new ECM (Desjardins-Park et al.,
2018). However, as myofibroblasts can facilitate fibrosis, the transition of epithelial cells
to myofibroblasts is controlled through mesenchymal-epithelial transition (MET) or
apoptosis to prevent tissue healing through either scar formation or fibrosis (Gabbiani,
2003). Fibroblasts secrete various growth factors and cytokines which directly impact
blastema formation, epidermal proliferation, differentiation and extracellular matrix
deposition (Maddaluno et al., 2017; Stone et al., 2016).
Fibroblasts are the major contributors to blastema during epimorphic regeneration
of salamander limb (Gardiner et al., 1986; McCusker et al., 2015). The lineage trace
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analysis showed that dermal fibroblasts are the progenitors to form a major part of
blastemal cells (Muneoka et al., 1986a). Connective tissue fibroblasts of non-dermal stump
tissues are another major contributors to blastema (McCusker et al., 2015). It was shown
that early blastema was formed through the migration of dermal fibroblasts towards the
wounded area. The positional information in fibroblasts regulates pattern formation and
growth during salamanders limb regeneration (Bryant et al., 1987; McCusker et al., 2015).
Hence, cellular response of these fibroblasts post injury regulates salamander limb
regeneration.
Fibroblasts respond to injury or stress conditions and initiate dedifferentiation, cell
cycle re-entry and activation of matrix formation.

The distinct morphological

characteristics of fibroblasts was found during the different tissue healing outcomes. It
was shown that during Acomys ear hole regeneration, the healing time point (D15) has
rounded fibroblast population compared to the spindle shaped fibroblasts in Mus (Gawriluk
et al., 2016b).

Additionally, the nucleus of fibroblasts contained densely packed

heterochromatin in Mus whereas the nuclei of Acomys was mainly euchromatic, hinting
specific regulations during cell division. The nuclear localization of p21 and p27 was
found in Mus cells during scarring whereas higher number of proliferative cells were found
during regeneration in Acomys. Hence, cell cycle regulators or inhibitors might play an
important role during regeneration and scarring process.

1.2

Cell proliferation and cellular senescence during injury
When tissue homeostasis is disrupted in response to injury, factors released from

damaged cells (e.g., DAMPs and PAMPs) can activate the migration of innate immune
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cells (neutrophils) towards the wound to initiate the inflammation process.

These

neutrophils were shown to regulate the cell proliferation near the wound site such as during
neonatal mice heart regeneration, neutrophils control the cardiomyocyte proliferation by
activating the downstream effector of IL-6 receptor and STAT3 (Han et al., 2015).
Similarly, neutrophils regulate the proliferation of epithelial cells during lung injury
(Zemans et al., 2011). Hence, the early released signal from the injury regulates the cell
proliferation during tissue healing events.
1.2.1

Cell cycle and its regulators and inhibitors

Similar tissue injury showed increased number of cells positive for cell cycle
inhibitors such as p21 and p27 during scarring in Mus and higher number of proliferative
cells during regeneration in Acomys (Gawriluk et al., 2016b). The cell cycle consists of
four different phases: G1 (gap/growth 1), S (synthesis), G2 (gap/growth 2), and M (mitosis)
phase. The first gap phase (G1) is the preparatory or growth phase of the cell where it
increases the production of proteins, number of organelles mostly mitochondria and
ribosomes and eventually grows in size. S phase represents the synthesis or replication of
DNA. The second gap phase (G2) helps the cell to increase the production of protein and
grow in size before M phase.

During M phase of the cell cycle, the duplicated

chromosomes separate along the mitotic plane and this event is followed by cytokinesis
which divides the organelles and cytoplasm. G1, S and G2 are also called the interphase
before mitosis and cytokinesis. Different cell cycle phases are controlled through cell cycle
inhibitors or regulators such as cyclin-dependent kinases (CDKs), cyclins, and CDK
inhibitors (CKIs). Hence, the interaction between cyclins and CDKs or CKIs modulate
the catalytic activity of CDKs which influence cell proliferation (Miettinen et al., 2019).
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The above indicated interaction between cyclins and CDKs or CKIs regulates cell
cycle phase checkpoints. G1/S transition checkpoint is controlled through cyclin-D–
CDK4/6 and cyclin-E–CDK2, S phase via cyclin-A–CDK2, while G2/M transition
checkpoint is regulated by cyclin-B–CDK1. During G1/S transition checkpoint,
transcription of cyclin E is regulated through phosphorylation of E2F/pRb signaling. This
signaling initiates the G1/S cell cycle transition (Duronio and Xiong, 2013). The cell
cycle is also controlled through two other classes of cell cycle inhibitors: INK4 proteins
(p15, p16, p18, and p19) and CIP/KIP proteins (p21, p27 and p53) that regulate the cyclins
and CDKs during the G1/S cell cycle transition (Campisi and Di Fagagna, 2007a).
Different stress conditions such as radiation, oxidative stress or tissue injury impact the
interaction of these cell cycle components. During epimorphic type of regeneration,
blastemal cells re-enter the cell cycle and proliferate to form new tissue (Gawriluk et al.,
2016b; Seifert and Muneoka, 2018). Thus, injury induced stress plays an essential role in
cell cycle re-entry, proliferation and arrest.
1.2.2

Concept of cellular senescence

The cell cycle re-entry is an important aspect of regeneration whereas similar injury
can activate the cell cycle arrest in animals that heal through scar formation. Cellular
senescence is the permanent cell cycle arrest at the G1 phase of the cell cycle. Senescent
cells cannot proliferate but they are still metabolically active (Collado et al., 2007; Hoare
et al., 2010). The concept of cellular senescence originated from cultured human
fibroblasts cells which showed a limited capacity for cell division in culture known as
Hayflick limit (Hayflick and Moorhead, 1961). After every cell division, telomeres
shorten and eventually leads to cell cycle arrest which is known as replicative senescence
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(Matthews et al., 2006). Despite the connection between telomere shortening and
senescence in human cells, many mammalian species have extremely long telomeres and
yet still undergo senescence (Kim et al., 2002; Shay and Wright, 2005; Sherr and
DePinho, 2000). For example, mouse cells undergo senescence in culture due to DNA
damage, activated oncogenes, oxidative stress, and epigenetic modifications which can
be classified as stress induced premature senescence or oncogenic induced senescence
(Kuilman et al., 2010). Injury induced senescence was found during acute and chronic
injury of skeletal muscle which regulates transcription factor mediated reprogramming
in skeletal muscle (Chiche et al., 2017).
Senescent cells display various characteristics such as the formation of senescenceassociated heterochromatic foci (SAHF) (Ben-Porath and Weinberg, 2005; Kuilman et
al., 2010), activation of p21 and p53, p16INK4A cell cycle inhibitors (Campisi and Di
Fagagna, 2007a), DNA damage response proteins (Rodier and Campisi, 2011; Rodier et
al., 2009) and senescence-associated secretory phenotype or SASP. Senescent cells have
the capacity to alter the nearby environment via SASP.

SASP consists of pro-

inflammatory cytokines (interleukin (IL)-6 and IL-8), chemokines (CXCL1 and
CXCL8), growth factors and proteases (Malaquin et al., 2016). Cell cycle components
are altered in cellular senescence through telomere erosion and different types of stresses.
1.2.3

Impact of cellular senescence on tissue injury

The accumulation of senescent cells can lead to various age-related disorders,
neurodegenerative disease and cancer.

The occurrence of these senescent cells

potentially reduces the capacity of mammals to regenerate as these cells usually have a
negative effect on growth (Campisi and Di Fagagna, 2007a; Muñoz-Espín and Serrano,
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2014a). For example, as mice age, increased expression of p16INK4a reduces neural
progenitor population by decreasing the self-renewal potential of mouse forebrain that
eventually contributes to reduced neurogenesis (Molofsky et al., 2006). Similarly, higher
p16INK4a expression impacts muscle stem cell proliferation which leads to sarcopenia.
Senescence usually negatively impacts cell cycle proliferation and progression, but injury
induced senescence has been shown to positively influence cells during regeneration and
development. For instance, injury induced senescence affects neighboring cells through
release of SASP factors which regulates the proliferative signaling cascades via βcatenin, Fgf, Wnt, Bmp and Hh signaling pathways (Ryoo and Bergmann, 2012). A
recent study in salamanders showed an increased number of senescent cells during the
intermediate stages of limb regeneration but not during limb development. The number
of senescent cells were higher in the blastema and palette stages of regeneration although
interestingly, these senescent cells were cleared as regeneration proceeded (Yun et al.,
2015b). The elimination of senescent cells was shown to depend on immune system
activity as depletion of macrophages impacted the clearance of senescent cell population
in salamander tissue, but it was not clear whether regeneration would be inhibited or not
if these cells were not cleared (Yun et al., 2015b). Similarly, amputated zebrafish
pectoral fins showed the activation of a transient population of senescent cells marked by
increased SAß-gal activity and upregulation of Cdkn1a and Cdkn2ab until the late phases
of regeneration (Da Silva-Álvarez et al., 2019). Additionally, the removal of these
senescent cells through senolytic drug, ABT-263 decreased the regenerating length of
pectoral fins compared to untreated animals.
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The emergence of transient senescent cells population post injury was shown during
neonatal heart regeneration in mice. The study showed that apical resection (AR) of heart
induces a senescent phenotype in the peri-resected regions of the heart at P3, P7, and P14,
and these senescent cells were absent in the fully restored hearts at P21 (Feng et al., 2019).
The removal of these senescent cells through senolytic drug treatment or by Trp53
knockout showed the induction of a myofibroblasts population which forms fibrotic scars
(Feng et al., 2019). Later, they also treated the neonatal heart with CCN1 that activates
fibroblast senescence via Trp53 and p16INK4a pathways in cutaneous wound healing (Jun
and Lau, 2010). Treatment with CCN1 promoted senescence in fibroblasts and induced
neonatal heart regeneration (Feng et al., 2019). Therefore, injuries or other stress induced
responses alter cell cycle arrest or re-entry, and certain cell cycle components (inhibitors
and regulators) play the decisive role in it. The mechanism behind the stimulation of
senescent cells is unclear and it is very important to define the role of these induced
senescent cells to understand the regeneration process more precisely.

1.3

ROS signaling
Injury or stress leads to the imbalance of the influx and efflux of charged ions. The

distribution, translocation and decomposition of these charged ions is very important for
normal cellular functioning. Local cells sense the stress signal and activate antioxidant
system in response to ion imbalances.
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1.3.1 ROS molecule stability is regulated by antioxidant systems
ROS are highly reactive and unstable molecules which are produced by electron
transfer between biomolecules and oxygen (O2). Specific reactive oxygen species
include the superoxide anion (O2-), hydrogen peroxide (H2O2), and the hydroxyl radical
(HO•) which are formed through gradual reduction of oxygen (Figure 1.2) (Sato et al.,
2013). These molecules are the byproducts of specific biochemical and biological
processes (e.g., mitochondrial ETC, NADPH oxidase, xanthine oxidase, nitric oxide
synthase and metal oxidation) that occur regularly but elevated in response to injury or
microbial attack (Pizzino et al., 2017). To produce a superoxide anion (O2-), oxygen
molecules gain an electron with the help of nicotine adenine dinucleotide phosphate
NAD(P)H oxidase or xanthine oxidase or by mitochondrial electron transport chain
(Figure 1.2). Mitochondrial respiration occurs during the process of oxidative
phosphorylation on the inner mitochondrial membrane and is the main source of
intracellular superoxide anions (Murphy, 2009). Complex I and III of the electron
transport chain (ETC) leak electrons which leads to the production of O2- (Hansen et al.,
2006; Liu et al., 2002). NAD(P)H oxidase is found in many cells including leukocytes,
monocytes, and macrophages where production of O2- promotes phagocytic activity.
Most commonly, the superoxide dismutase enzyme coverts O2- to H2O2.
Hydrogen peroxide can be produced through other enzymes such as xanthine
oxidase, amino acid oxidase, and NAD(P)H oxidase (Kelley et al., 2010; Paravicini and
Touyz, 2008). H2O2 is more stable compared to other ROS molecules and easily
diffusible across the membrane where it can act as a signaling molecule (Bienert et al.,
2006). With the help of Haber-Weiss and Fenton reactions, H2O2 can be partially reduced
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to a more reactive hydroxide ion (OH-) and hydroxyl radical in the presence of
transmission metals like Fe2+ or Cu2+ (Thomas et al., 2009). During stress or injury, the
mitochondrial burden increases to match the ATP requirements through oxidative
phosphorylation, and this can lead to excessive ROS production (Zorov et al., 2014).
These ROS molecules play an important role in cell signaling and homeostasis and can
also directly contribute to bacteria killing and tissue damage (Ray et al., 2012).
How do cells naturally mediate excess ROS production? ROS can be catalyzed
into water and oxygen through antioxidant enzymes such as superoxide dismutase
(SOD), glutathione peroxidases (GPx), catalase, and cytochrome c peroxidase which all
help to maintain cellular homeostasis (He et al., 2017; Mates, 2000). The ubiquitous
glutathione (GSH) plays an important role in maintaining the redox balance in the cell
(Figure 1.3). The 2 molecules of reduced glutathione with the help of Glutathione
peroxidase (GPx) decompose H2O2 into water and in turn also form an intermediate
oxidized Glutathione disulfide (GSSG). GSSG is then. converted into GSH with the
usage of Glutathione reductase (GR) along with the formation of NADP+ from NADPH.
This NADP+ is a major cofactor for various metabolic pathways. Cells also have nonenzymatic antioxidants such as Vitamin-C and -E, β-carotene, uric acid, and GSH to help
maintain the redox balance (Birben et al., 2012). There are multiple ways an antioxidant
system can counteract the effects of ROS. Antioxidants can directly decompose ROS or
inhibit ROS formation from their respective sources. Antioxidants can also eliminate or
repair the damaging effect of ROS. It was shown that UV-exposed human dermal
fibroblasts treated with the antioxidant Cycloheterophyllin significantly increased cell
viability, decreased H2O2 stress and ROS-induced phosphorylation of p38 and ERK
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(Huang et al., 2016).

Similarly, animals that lacked glutamate transporter type 3

(EAAT3) treated with the antioxidant N-acetyl cystine (NAC) showed an inversion in
cognitive impairment in aging brain (Cao et al., 2012). Hence accurate ROS signaling is
critical to fight against microbial attack, stress and injury.

Other ROS producing sites:
Xanthine oxidase
Cyclo-oxygenase
Lipooxygenase
P450 mono-oxygenase
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Figure 1.3 ROS production and its decomposition to maintain homeostasis.
Stress conditions activate the NADPH-oxidase (NOX) mediated superoxide anion (O2-)
production. This O2- gets quickly converted to H2O2 through superoxide dismutase (SOD)
and is diffused through the membrane. H2O2 is also produced at physiological levels during
mitochondrial respiration. This H2O2 gets converted to non-harmful molecules such as
water and oxygen with the help of catalase. The glutathione redox cycle uses reduced
glutathione (GSH) to decompose excess H2O2 with the help of Glutathione peroxidase
(GPx) and produce glutathione disulfide (GSSG) as an intermediate. GSSG gets converted
into GSH by the action of Glutathione reductase (GR) and in turn produces NADP+.
NADP+ is an important component of various other metabolic pathways. H2O2 can also
be converted into OX- (X=SCN, I, Br, Cl) with the help of myeloperoxidase (MPO) which
is most damaging ROS molecules as it can mutate the biomolecules such as DNA, proteins
and lipid. ROS molecules are also produced by other enzymes in the cell such as xanthine
oxidase, cyclo-oxygenase, lipoxygenase and P450 mono-oxygenase.
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1.3.2 Negative effects of ROS
Injury-induced oxidative stress is defined as the imbalance of ROS production and
decomposition through antioxidants (Papaharalambus and Griendling, 2007). The cell
will fight against this imbalance by activating or deactivating genes, transcription
factors, proteins and stress sensing pathways (Sarangarajan et al., 2017). Increased ROS
production can lead to DNA modifications such as generation of single- or doublestranded DNA breaks, degradation of sugar bases, mutation or deletion of DNA (Cadet
and Wagner, 2013; Dizdaroglu and Jaruga, 2012). These ROS molecules can induce
the oxidation or glutathionylation of amino acids (most common cysteine residues) in
proteins (Cooke et al., 2003). The reversible oxidation product is reactive sulfenic acid
(−SOH), which can also form disulfide bonds with nearby cysteines (−S–S−) and this is
an important component in ROS signaling (Ray et al., 2012). If this sulfenic acid
(−SOH) further oxidizes, it leads to the irreversible products sulfinic (−SO2H) or
sulfonic (−SO3H) acid which eventually blocks protein function (Schieber and Chandel,
2014).

Sulfenic acid (−SOH) might be conjugated to glutathione to form a S-

glutathionylated intermediate in case of glutathionylation of amino acids which regulate
ROS signaling (Ray et al., 2012). Similarly, imbalanced ROS can also enhance lipid
peroxidation which affects the diffusion of signaling molecules. Enhanced levels of
ROS have a negative impact on cells and thus they are involved in various disease
conditions.
Oxidative stress due to excess ROS generation is a major factor in cancer, aging,
cardiovascular and neurological illnesses. In various cancers, oxidative stress leads to
the mutation of DNA via single or double-stranded DNA breaks which negatively
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impact mitochondrial genes (Cadet and Wagner, 2013). ROS production also leads to
enhanced lipid peroxidation and mutation of transcription factors such as p53 during
cancer (Cordani et al., 2020). p53 is known to regulate antioxidant expression, therefore
its mutation via ROS leads to imbalance in the antioxidant pool. Mutated p53 can also
impact cell proliferation, senescence and apoptosis (Liu and Xu, 2011). Electron leak
from the ETC of mitochondria creates a feedback loop where ROS is produced and
accumulates as the animal ages. This accumulated ROS can damage the mtDNA and
eventually decrease mitochondria respiration.

In case of cardiovascular disease,

accumulated ROS leads to instability in membrane permeability, antioxidant activity
and protein function in myocytes through the peroxidation and oxidation of thiol groups
in phospholipids and proteins (Molavi and Mehta, 2004). Overall, increased ROS
production negatively impacts normal transcription, folding or misfolding of proteins
and creates genomic instability leading to various diseased conditions (Liu et al., 2018).
1.3.3 ROS act as signaling mediators
There is a growing evidence that physiological (low/moderate) ROS levels can have
beneficial effects on cell behavior (Schieber and Chandel, 2014). Metazoans use growth
factors, (e.g., epidermal growth factor (EGF) and platelet-derived growth factor
(PDGF)) to activate receptor tyrosine kinases (RTKs) and phosphatidylinositol-3-kinase
(PI3K)-AKT signaling. These pathways are responsible for cell proliferation, nutrient
uptake, and cell survival in metazoans. EGF and PDGF signaling molecules regulate
NADPH oxidase dependent ROS production which leads to activation of RTK pathway
(Sundaresan et al., 1995). H2O2 produced in this manner specifically inactivated protein
tyrosine phosphatase 1B (PTP1B), an inhibitor of RTK pathway by oxidation of its
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cysteine residue (Denu and Tanner, 1998). H2O2 can also inactivate PTEN, an inhibitor
of the PI3K pathway by oxidation and disulfide bond formation between its two Cys
residues, Cys121 and Cys71 (Denu and Tanner, 1998). Hence, the inhibition of these
phosphatase helps RTK and PI3K pathway to remain active.
Increased ROS acts as an indicator of oxidative stress in different cell types. ROS
production post injury/stress activates redox-sensitive signal transduction cascades such
as MAPK family member p38 and its associated downstream transcription factors such
as NF-κB and AP-1 (Jia et al., 2007). The activation of p38 MAPK signals cells to
regulate the expression of pro-inflammatory genes (Bachstetter and Van Eldik, 2010).
p38 MAPK is a highly conserved proline-directed serine/threonine protein kinase which
is sensitive to fluctuations in ROS levels. ROS mediated p38 MAPK signaling plays an
important role during inflammation, immune response, cell survival and apoptosis
(Figure 1.4) (Canovas and Nebreda, 2021; Roulston et al., 1998; Wada and Penninger,
2004). ASH (what is this) neurons are activated by low amount of H2O2 which helps
these neurons to fight with the stress condition. This stress response is regulated by
AKT-1- dependent phosphorylation which is regulated by PRDX-2 and p38 MAP
kinase pathway (Li et al., 2016). It was also shown that the maturation of Major Sperm
Proteins (MSP) by binding to surface receptors of oocytes requires MAPK and MPK-1
phosphorylation regulated by phosphatase PTP-2 and ROS activation (Yang et al.,
2010). Similarly, different levels of ROS affect yeast MAPK Sty1 activity differentially
that alter downstream targets and their response. ROS activates the p38 MAPK pathway
by stimulating oxidation of thioredoxin which is then released from the ASK1 complex
(Figure 1.4). The level of ASK1 regulates p38 MAPK components and their activity
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(Hsieh and Papaconstantinou, 2006). Thus, alteration of ROS level can differentially
regulate the p38 level and its downstream targets which are involved in cell
proliferation, senescence and apoptosis. ROS also play an important role during wound
healing process where they act as an signaling centers to coordinate cellular response
towards injury (Dunnill et al., 2017).
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Figure 1.4 Injury induced ROS impact p38 MAPK levels and its downstream signals.
The redox-sensing enzyme thioredoxin (Trx) is an endogenous inhibitor of apoptosis signal
regulating kinase 1 (ASK1) protein. However, the injury or stress induced ROS can
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dissociate Trx from ASK1 complexes which leads to activation of ASK1 protein complex.
This activated ASK1 further phosphorylates the MKK3/6 and MKK4/7 and activates them.
MKK3/6 leads to activate JNK whereas MKK4/7 activates p38 signaling which gets
transported to nucleus. This nuclear transported phosphorylated JNK and p38 controls the
cell response against the levels of ROS insult. The greater amount of ROS might lead to
increased p38 levels which activates senescent and apoptotic pathways whereas lower
amount of ROS mediated p38 levels leads to cell survival.

1.3.4 Importance of ROS during tissue healing process
ROS is known to regulate normal wound healing process.

After tissue injury,

different immune cells most importantly neutrophils and macrophage are recruited near the
wound area which produce superoxide anions to clean the wound from invading bacteria
(Auf Dem Keller et al., 2006). These superoxide anions can be readily converted to H2O2
by SOD enzyme and are easily diffusible to bacterial membrane. The increased oxidative
stress in the bacteria leads to its destruction. ROS can act as signaling centers which
regulate the levels of stress sensing molecules such as MAPK family protein during injury
(Gao et al., 2002; Wilde et al., 2016). ROS have been proposed to play an important role
during vertebrate regeneration, with strength and duration being key factors for how ROS
signaling impacts cell behavior. During fibrotic repair, the major response to injuryinduced stress is that the cells undergo cell cycle arrest or apoptosis under persistent stress
conditions (Circu and Aw, 2010). Discerning how cells differentially respond to stress
exposure or the degree to which different ROS species are present following injury can
help reveal the stress tolerant capacity of regenerating species compared to nonregenerators.
ROS is required during regeneration in many animals including zebrafish,
salamander and Xenopus. Specifically, ROS was detected at the amputation plane in head,
trunk and tail fragments (what animal?) and treatment with either diphenyleneiodonium
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(DPI) or apocynin to inhibit ROS decreased the length of regenerate (Pirotte et al., 2015).
Similarly, ROS generated from NADH oxidase (NOX) was detected 30 min after fin
amputation in zebrafish and treatment with the NOX inhibitors, DPI or VAS2870 reduced
the regenerate length 72h post amputation (Gauron et al., 2013b). An initial ROS burst
was also found during tail regeneration in Xenopus tadpoles (Love et al., 2013a). H2O2
production was detected using HyPer in amputated Xenopus tails and treatment with DPI
or apocynin lead to significant decreases in regenerate length after 72hpa. A similar result
was obtained by increasing the antioxidant pool through the administration of the free
radical scavenger MCI-186. Together, these studies suggest that early and sustained ROS
activity has a positive effect on local cell behavior during regeneration.
Relevant to work this study, high NADPH-oxidase activity was observed during ear
pinna regeneration in spiny mice, but not during fibrotic repair in laboratory mice (Simkin
et al., 2017a). However, the importance of this initial ROS burst or mechanism of positive
ROS signaling for Acomys regeneration is still unknown. Interestingly, if ROS signaling
is altered, it leads to improper regeneration of nerve and/or muscle contributing to
subsequent degeneration in aging muscle (Vasilaki and Jackson, 2013). During stress or
injury, cells need more energy to fight against the disturbed homeostasis which eventually
affects the mitochondrial function too (Correia‐Melo et al., 2016; Rehman et al., 2011).
During mitochondrial metabolism, ROS is produced at a physiological level and
antioxidant enzymes are present to decompose it. However, the impact of excess oxidative
stress on mitochondria metabolism and its integrity is yet to be explored in the context of
regeneration. Hence, it will be interesting to check how the mitochondria respond to tissue
injury-induced ROS.
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1.4

Mitochondrial bioenergetics
Mitochondria play an important role in tissue health and cell survival. Mitochondrial

functionality is important for normal cellular homeostasis and its disturbance leads to
diseased conditions (Gomes et al., 2013; Hara et al., 2013). Mitochondrial biogenesis, the
growth and division of pre-existing mitochondria, is regulated by mitochondrial genes.
1.4.1

Mitochondrial genome

The mitochondrial genome is small, circular and consists of 16,569 DNA base
pairs. The human mitochondrial genome has 37 genes that encode 13 proteins, 22 tRNAs,
and 2 rRNAs (Taanman, 1999). The 37 genes of mtDNA (mitochondrial DNA) encodes
the 13 subunits of the electron transport chain complexes I, III, IV and V (Anderson et al.,
1981; Bibb et al., 1981).

In addition to the mitochondrial genome, most of the

mitochondrial proteins are encoded by nuclear genes (Berg and Kurland, 2000). Hence,
there is a strong interconnection between nuclear and mitochondrial genome which can
regulate cellular health. Mitochondrial dynamics such as its biogenesis, fission, fusion,
and mitophagy are able to regulate the cell survival, proliferation and tissue differentiation
(Chen and Chan, 2009; Van der Bliek et al., 2013). The most important function of
mitochondria is to produce ATP through oxidative phosphorylation (OXPHOS).
OXPHOS is a major source of ROS production (Zorov et al., 2014). Mitochondria also
regulate various metabolic pathways to produce intermediates metabolites which are
required for the synthesis of cellular biomass.
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1.4.2 Mitochondrial functionality during stress/diseased conditions
Mitochondrial morphology can be modified in response to changes in energy
demand and cellular environment.

It was shown that morphological changes in

mitochondria were important to cope with stressed or diseased conditions such as those
observed in cardiovascular and neuromuscular diseases/disorders (Chatterjee et al., 2006;
Krishnan et al., 2007; Rötig et al., 1997; Wallace et al., 1988). mtDNA is present near the
complexes of mitochondria which release ROS during normal respiration.

During

stress/injury or other pathological conditions, oxidative stress increases ROS production.
This oxidative stress can negatively impact mitochondrial respiration that triggers excess
mitochondrial ROS production which eventually mutate mtDNA (Figure 1.5). The most
common cause of mitochondrial dysfunction are genomic mutations, deletions or impaired
DNA replication of mtDNA (Guo et al., 2013; Mikhed et al., 2015). There are multiple
copies of mitochondria in a cell which will be depleted in various diseased condition such
as cancer affecting the normal functioning of mitochondria (Balaban et al., 2005; Reznik
et al., 2016). The hypoxic environment created during various pathological conditions or
in tissue injury depletes the mitochondria for oxygen which is the terminal recipient of
electrons during ETC (Solaini et al., 2010). This leads to increased production of ROS and
hence, all the downstream signaling targets are activated for oxidative stress. Mitochondria
consist of their own antioxidant scavenger system such as superoxide dismutase (SOD).
SODs will convert oxygen radical to hydrogen peroxide (H2O2) which diffuses outside the
mitochondrial membrane (Bienert et al., 2006). H2O2 will then be easily decomposed
through glutathione peroxidase enzymes (Figure 1.5).
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Different cell types have different mitochondrial morphological structures.
Fibroblasts have long tubular structures, myocytes have smaller spherical mitochondria
and macrophages have ovoid structures in mice (Srinivasan et al., 2017). These different
morphological characters regulate fission, fusion and motility of mitochondria.
Mitochondrial fusion process is controlled by mitofusin proteins (Mfn1 and Mfn2), which
fuses outer membranes together, whereas OPA1 is responsible for inner membrane fusion
(Hall et al., 2014). Similarly, mitochondrial fission is regulated by a GTPase, Drp1 (Hall
et al., 2014). It was shown that the photo excitation of cytochrome c oxidase in ASTC-1
and COS7 cells induce ROS production which leads to fragmentation of mitochondrial
structures (Wu et al., 2013). Additionally, mitochondria fragmentation occurs in H9C2
cells stressed through hypoxia (Liu and Hajnoczky, 2011).

Hence, mitochondrial

bioenergetics is tightly controlled through mitochondrial biogenesis.
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Figure 1.5 Fibroblasts from regenerating species do not significantly increase p16
and p19 in response to hydrogen peroxide.
Normally mitochondrial respiration was a primary source of ROS (O2-) production through
complex I and complex III of mitochondria. This O2- was converted to H2O2 which was
quickly decomposed through glutathione peroxidase (GPx). However, during injury or
stressed or pathological conditions, the increased ROS negatively impact the mitochondrial
respiration which leads to dysfunctional mitochondria. The antioxidant system was
compromised by increased O2- and H2O2 production which leads to an alternate pathway
where Myeloperoxidases (MPO) convert H2O2 into water and OX-. This OX- will be able
to damage macromolecules, including DNA, proteins and lipids. This further increases the
oxidative stress, and normal mitochondrial respiration and ATP production was negatively
affected.

1.4.3

Mitochondrial dynamics during regeneration

Injury-induced oxidative stress leads to the production of ROS molecules which
negatively impact the mitochondria of the local cells. Stem cells play an essential role in
homeostasis, repair, and regeneration of many adult tissues/organs. These cells have a
distinct mitochondrial phenotype during proliferation and differentiated conditions.
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Proliferating stem cells are characterized by rounded or punctuated shaped mitochondria,
lower mitochondrial mass, fewer cristae and depends on glycolysis for their energy
consumption (Fu et al., 2019). While differentiated cells have long, fragmented shaped
mitochondrial, higher mitochondrial biomass, greater number of cristae and are dependent
on OXPHOS for their energy demands (Fu et al., 2019).
During axonal regeneration in C. elegans, healthy mitochondria are localized to the
injury site through dual-leucine zipper kinase-1 (DLK-1) (Han et al., 2014a). Increased
mitochondrial density at injury sites compensate the energy demand of injured axons which
are required for axonal regeneration. Similarly, injured epithelial cells in C. elegans
activate mitochondrial fragmentation via increased influx of Ca2+ and the mitochondrial
Rho GTPase MIRO-1 (Fu et al., 2020). Mitochondrial fragmentation leads to increased
mitochondrial ROS production from cytochrome P450 monooxygenases which helps in
wound closure. It was shown that isolated mitochondria transplanted to the injured rat
hippocampal neurons helps in neurite re-growth (Chien et al., 2018). Thus, mitochondrial
bioenergetics plays a crucial role during injury, aging or diseased conditions.

1.5

Summary of the thesis
Injury induced ROS production was strictly regulated with scavenger activity to

maintain the cellular homeostasis. We investigated how a complex in vivo environment
regulates ROS signaling, senescent pathways and regeneration/scarring. We also tested
the mitochondrial functionality and stability during Acomys regeneration and scarring in
Mus. We hypothesized that the initial ROS burst after injury might activate cell cycle
progression in Acomys regeneration whereas cell cycle arrest during scarring in Mus.
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Briefly, Chapter 3 of my thesis investigates the existence of intrinsic differences between
the cultured ear fibroblasts from regenerators and non-regenerators. We explored the
impact of oxidative stress on cells from regenerators and non-regenerators. Chapter 4 is
an extension of in vitro work to complex in vivo conditions. We tested the importance of
initial ROS burst upon 4mm ear punch injury during regeneration in Acomys compared to
scarring in Mus. Additionally, we examined how the cells responds to oxidative stress
which leads to different tissue healing outcomes. Chapter 5 of my thesis explores the
existence and importance of differential mitochondrial phenotype in fibroblasts from
regenerators and non-regenerators. Chapter 6 of my thesis briefly discusses the general
conclusion and future implications of this study. Finally, Chapter 7 of my thesis is an
appendix which contains statistical files as well as figures for sequence similarity for
various markers used throughout the study.
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CHAPTER 2. METHODS
2.1

Animal care
African spiny mice (Acomys cahirinus) and outbred laboratory mice (Mus musculus-

ND4, Envigo) were housed in our animal housing facility at the University of Kentucky,
Lexington, KY (Haughton et al., 2015). Mus were maintained on 18% mouse chow
(Tekland Global 2918, Harlan Laboratories, Indianapolis, IN) and Acomys were
maintained on 14% mouse chow (Teklad Global 2014, Harlan Laboratories) and black
sunflower seeds.

Animals were exposed to natural light through large windows

(approximately 12:12h L:D light cycle during the experiment). New Zealand white rabbits
(Oryctolagus cuniculus) and rats (Rattus norvegicus) were maintained by the Division of
Laboratory Animal Research, University of Kentucky. Ear pinna fibroblasts were acquired
from sexually mature Acomys (12- to 20-weeks old), Mus (10- to 14-week-old),
Oryctolagus (16- to 28-weeks old) and Rattus (16- to 28-weeks old). Animal work was
approved by the University of Kentucky Institutional Animal Care and Use Committee
(IACUC) under protocol 2013-1119.

2.2

Fibroblast acquisition and culture
Connective tissue fibroblasts from all four species were acquired from uninjured ear

pinna. Briefly, for each experimental animal, a 4mm ear punch biopsy was used to remove
a full-thickness piece through the center of the ear pinna. Tissue was pooled from both
ears of a single individual and single cell suspensions were made by enzymatic
(Trypsin/Dispase) and mechanical digestion (chopping with blade/passing through 70µm
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filter). Cells were cultured in complete-DMEM media (10% FBS (Hyclone), 1% Lglutamate (Hyclone) and 1% Antibiotic-Antimycotic (Gibco)) and grown at 37ºC in either
ambient oxygen (~20%) and 5% CO2 or 3% oxygen and 5% CO2. Cells were passaged at
~80% confluency and counted using a hemocytometer. After every passage ~200,000 cells
were seeded in a 10 cm culture plate (Cyto-one). Passage number and doubling times were
calculated as previously published (Greenwood et al., 2004) using the formula:
Population Doublings (PDs) = log [(number of cells harvested) / (number of cells
seeded)]/log2

2.3

SA-βgal Staining
Senescence-associated beta-galactosidase (SA-βgal) staining was used as a general

marker of cellular senescence (Debacq-Chainiaux et al., 2009; Dimri et al., 1995). 20,000
cells/well were cultured for 3 days in 6-well plates. After three days in culture, cells were
fixed with 2%v/v formaldehyde and 0.2%v/v glutaraldehyde in PBS for 15mins and later,
washed 3x (5mins each) with PBS. The fixed cells were stained with SA-βgal staining
solution at pH 6.0 (40mM citric acid/phosphate buffer pH-6, 150mM NaCl, 5mM
K3Fe(CN)6, 5mM K4Fe(CN)6, 2mM MgCl2 and 1mg/ml X-gal in water) and incubated in
the dark at 37ºC incubator for 48 hrs. Stained cells were washed with deionized water.
The SA-βgal stained cells were visualized under bright field microscopy, photographed,
and counted.
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2.4

Immunocytochemistry
For all immunocytochemistry, ~5000 cells/well were grown on cover slips in 24-

well plates for 48 hrs. After 48hrs, cells were fixed for 10mins with 10% formalin and
washed 3x with PBS (5mins/wash). Fixed cells were permeabilized for 15mins with PBT
(0.5% Triton X-100 in PBS) and blocked with 1.5% donkey serum in PBS for 30mins.
Cells were subsequently incubated overnight with specific primary antibody at 4ºC (see
below). Following incubation with primary antibody, cells were washed with PBS,
incubated with the appropriate species-specific secondary antibody for 30mins at room
temperature, washed in PBS, and nuclei stained with DAPI (Invitrogen). Cover slips were
mounted on slides with Prolong Gold antifade reagent (Invitrogen). Negative controls
were run using isotype specific antibodies at the appropriate concentration. For EdU
staining, growing cells were treated with EdU (2μM) for 24 hrs. Cells were fixed for
10mins with 10% formalin and washed thrice with PBS. EdU labelling was performed
using click chemistry where Cu (I) induced a reaction between Azide 594 (0.5mg/2ml,
Life Technologies) and the alkyne present in EdU. DAPI (blue) was used to stain nuclei.
In cases where multiple labeling was performed, the EdU reaction was performed before
antibody staining. Primary antibodies used were: p16 (p16INK4A) at 1:100 (rabbit polyAb,
10883-I-AP, Proteintech), p19 (p19ARF) at 1:100 (rat mAb, sc32748, Santacruz), p21 at
1:1 (rat mAb, HUGO 321C/C5, Monoclonal antibodies core unit, Spanish National Cancer
Research Center), p53 at 1:500 (rabbit pAb, NCL-P53-CM5P Leica/Novacastra), gH2AX
at 1:500 (rabbit mAb, P-H2A.X - Ser139, clone 20E3, Cell signaling technology) and
Vimentin at 1:100 (rabbit mAb, 5741S, Cell signaling technology) (Appendix Figure 2af). Secondary antibodies used were: Donkey anti-rat Alexa flour 488 (A21206, 2mg/ml,
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Invitrogen, 1:500) and Donkey anti-rabbit Alexa flour 594 (A21207, Life technology,
2mg/ml, 1:500).

To quantify positive cells, ~10 images were captured at 20X

magnification using an Olympus BX53 microscope with each image containing 20-25
cells such that >250 cells were counted per sample. Cells positive for individual markers
were counted manually and calculated as a percent of all cells present (DAPI+ cells).

2.5

Hydrogen peroxide exposure and gamma radiation
P2 cells from Acomys, Mus, Rattus and Oryctolagus were cultured on cover slips

in 24-well plates (~5000 cells/well) for 48hrs after which they were either treated with
sub-lethal doses of H2O2 (Chen et al., 2001) or transiently exposed to sub-lethal doses of
gamma radiation. Cells were treated for 2 hrs with H2O2 at either 0µM (control), 75µM,
150µM and 300µM concentrations. After 2hrs cells were washed in PBS, fresh media
added and cultured for either 24 or 48hrs. The cells were treated with 10µM EdU for 3hrs
before fixing at 24 or 48hrs. The treated cells were fixed with 10% formalin for 10mins
and washed 3x with PBS. After 48hrs, cells were gamma irradiated at a dose rate of 1.66
Gray/mins using a Mark I-68 137Cesium γ-irradiator set to 0 Gray (control), 5 Gray, 15
Gray or 30 Gray and treated cells were cultured for an additional 6hrs. Cells were treated
with 10µM EdU for 3hrs before fixation. Fixed cells from both treatments were prepared
for immunocytochemistry as outlined above.

2.6

Intracellular hydrogen peroxide detection
To assess intracellular H2O2 we used HyPer, a highly sensitive, genetically-encoded

fluorescent probe that can specifically detect H2O2 in cells (Belousov et al., 2006) and PO1.
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HyPer is a genetically encoded fluorescent sensor which has yellow fluorescent protein
(cpYFP) attached to the two regulatory domains of OxyR (Belousov et al., 2006). The
interaction of HyPer with H2O2 leads to formation of intracellular disulfide bond that
creates conformational change as well as change in the fluorescent intensity of cpYFP.
Intracellular H2O2 levels are usually quantified by calculating the ratio of two excitation
wavelengths, 420nm and 500nm. However, it is appropriate to use single wavelength
monitoring if cell movement is minimal and sensor expression levels are similar across
cells as occurs in our experimental design (Belousov et al., 2006; Bilan and Belousov,
2016; Markvicheva et al., 2008; Tong et al., 2019). For experiments using HyPer, equal
numbers of cells were seeded into 24-well glass bottom plates until they reached 70-80%
confluency. Cells from each well were then transfected with 0.5μg the HyPer plasmid
(pHyPer-cyto, FP941, Evrogen) using Lipofectamine 3000 transfection reagent
(L3000001, Thermo Fisher Scientific) according to the manufacturer’s protocol and
conditions optimized for each species. We prepared plasmid DNA (Opti-MEM medium,
P3000 reagent and 0.5μg Hyper plasmid) and lipid (Opti-MEM medium and lipofectamine
3000 reagent) complexes and incubated for 15mins. Plasmid DNA-lipid complexes were
added to each well and incubated for 48hrs before treatment and live imaging.
PO1 is a fluorescent probe that readily diffuses across the cell membrane and reacts
chemoselectively with hydrogen peroxide using a boronate oxidation trigger (Dickinson
et al., 2010). Upon reaction with free H2O2, an arylboronate group is converted to phenol
which produces a fluorescent product. An equal number of fibroblasts (~5000 cells/well)
from Acomys, Mus, Rattus and Oryctolagus were cultured for 48hrs on cover slips in 24well plates. Cells were assayed using PO1 after being treated continuously for either 30,
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60, 90 or 120mins with 300µM H2O2. In addition, after a continuous 120mins exposure
to 300µM H2O2 we also assayed cells at either 30mins, 6, 12, 24 and 48hrs post treatment.
After each individual treatment duration, cells were washed twice with PBS and treated
with 10µM PO1 (CAS Number 1199576-10-7, Tocris biosciences). PO1 exposed cells
were then washed thrice with PBS and fixed for 10mins using 10% formalin. The cells
were washed again with PBS and stained with DAPI. DAPI-stained cells were washed
and mounted using Prolong gold. In order to photograph cells, we calculated the time of
peak PO1 intensity for each species and subsequently photographed all time points using
this signal intensity.

2.7

Catalase and glutathione peroxidase assay
To measure catalase and glutathione peroxidase (GPx) activities we used enzyme

assay kits (Abcam; Catalase - ab83464 and GPx - ab219926). Fibroblasts from Acomys,
Mus, Rattus and Oryctolagus were cultured in 10cm petri dishes until 90% confluency.
Cells were counted, and cell lysates were prepared from an equal number of cells (500,000
cells/100µl) according to the manufacturer’s protocol. For the catalase activity assay, we
treated cell lysates with 0µM and 300µM H2O2 for 1hr and then measured non-decomposed
H2O2 using an oxired probe to produce a fluorescent product at 535/587nm (Ex/Em).
Hence, catalase activity is inversely proportional to the measured signal. For the GPx assay
we obtained lysates from ~12,500 cells. This assay relies on several reactions. The first
reaction involves conversion of reduced glutathione (GSH) to oxidized glutathione
(GSSG). Later this GSSG and NADPH chemically interact to produce GSH again and
NADP+ with the help of glutathione reductase (GR). In this GPx activity assay, we used
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a NADP sensor which only interacts with NADP+ to produce a fluorescent product at
420/480nm (Ex/Em). Hence the GPx activity is directly proportional to the signal obtained.
Freshly prepared and quantified protein lysates for Mus and Acomys at D0, D1, D2,
D3 and D5 (n=3) were used for GPx activity assay (Abcam-ab219926). 10µg protein was
used for the assay. Proteins and other standards were loaded according to manufacturer’s
protocol. The important reaction involves the conversion of reduced GSH to oxidized
glutathione (GSSG) followed by the interaction of GSSG and NADPH to produce more
GSH and NADP+ with the help of glutathione reductase (GR). An NADP+ sensor was
used to measure the GPx activity at 420/480nm (Ex/Em). Data was analyzed according to
manufacturer’s protocol and averaged for each healed time point groups. Data was
graphed and further analyzed for any statistically significant changes.

2.8

GSH/GSSG ratio assay
The GSH/GSSG ratio assay kit (ab138881) was used to measure the glutathione

(GSH) and glutathione disulfide (GSSG) levels. 10 µg of deproteinized protein was used
from our quantified protein for D0 and D1 of Acomys and Mus. The preparation of
deproteinized protein and samples or standards loading were performed according to
manufacturer’s protocol. The thiol green indicator reaction mix was added and incubated
at RT for 30 min. The fluorescence was measured at Ex/Em = 490/520 nm. Later, the data
was analyzed, graphed and checked for any significant changes statistically.
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2.9

Mitochondrial stress test
To test the effect of H2O2 treatment on mitochondrial function, we performed

mitochondria stress tests using a Seahorse XFe96 Analyzer (Agilent). We measured
oxygen consumption rate (OCR) in live cells and in response to specific inhibitors of the
mitochondrial respiratory complexes: Oligomycin, FCCP, rotenone (+ succinate) and
antimycin A. Oligomycin inhibits ATP synthase and reveals ATP-linked respiration,
FCCP uncouples oxygen intake and ATP production and reveals maximal respiration, and
rotenone blocks complex-I and antimycin A inhibits complex III disrupting all
mitochondrial respiration. Using this design, we quantified basal respiration, ATP-linked
respiration, proton leak-linked respiration, spare capacity, maximal respiration capacity,
and non-mitochondrial respiration of the cultured cells. An equal number of fibroblasts
(~40,000 cells/well) from Acomys, Mus, Rattus and Oryctolagus were cultured for 24hrs
in Seahorse XF Cell Culture 96 well-microplates. After 24hrs, we treated fibroblasts from
all four species with 0µM H2O2 or 300µM H2O2 for 2hrs and washed with PBS. We
prepared DMEM Xf assay media (with 1mM pyruvate and 5mM glucose) and adjusted the
pH to 7.4. The treated cells were incubated in this specialized media at 37 °C in a nonCO2 incubator for 1hr. We hydrated the sensor cartridge in Seahorse XF Calibrant
overnight at 37 °C in a non-CO2 incubator. We injected the sensor cartridge ports with
1.5µM oligomycin in port A, 2µM FCCP in port B, 0.8µM rotenone in port C and 1µM
antimycin A in port D. We loaded a calibration plate along with a sensor cartridge plate to
calibrate the Seahorse Xf-96 analyzer. Following calibration, we inserted our treated cell
cultured plate and ran the capture program. The program includes five different cycles
with three OCR measurements each for baseline followed by injection of oligomycin,
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FCCP, rotenone and antimycin A respectively. The measured OCR was normalized with
BCA quantified protein present in the sample. To avoid variation in multiple runs, this
normalized OCR was normalized again with the basal value of non-treated Mus and we
calculated the percentage for each sample in every run.
The fibroblasts were cultured on 96-well Seahorse plates overnight. Next day, the
cells were treated with 0µM (control) and 300µM H2O2 for 2hrs. Cells were washed and
incubated with Seahorse Xf assay media in non-CO2 chamber. The substrates required for
mitochondrial stress test run were oligomycin, FCCP, rotenone with succinate and
antimycin. The substrate for glycolysis stress test were glucose, oligomycin and 2-Deoxyd-glucose. These substrates were loaded into different ports of sensor cartridge plate of
Seahorse. The Seahorse run was performed according to manufacturer’s protocol as
explained before (Saxena et al., 2019). After the run, the protein was quantified, and the
Seahorse run were normalized by protein values. The data was analyzed, graphed and
checked for any statistical differences.

2.10 Mitochondrial isolation
Isolated mitochondria were purified using ultracentrifugation and Ficoll gradients
(Gollihue et al., 2017; Sullivan et al., 2004). Cells from Acomys, Mus, Rattus and
Oryctolagus were cultured in 10cm petri dishes until 90% confluency and then treated with
0μM and 300μM H2O2 for 2 hrs. After 2hrs, the cells were washed in HBSS, trypsinized,
counted, and the cell pellet kept on ice. The cell pellet was resuspended in 1ml of
mitochondrial isolation buffer and centrifuged. 400μl fresh mitochondrial isolation buffer
was added and resuspended. The samples were kept in an N2 bombardment chamber at
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1300-1400 psi pressure for 10mins at 4°C. These samples were passed four times through
a 22-gauge syringe. The samples were centrifuged at low speed (1.3 rcf) for 3mins at 4
°C and the supernatant transferred into a fresh tube. These tubes were then centrifuged at
13,000 rpm for 10mins at 4°C and discarded the supernatant. The cell pellets were
resuspended in 400μl fresh mitochondrial isolation buffer and placed atop a discontinuous
Ficoll gradient (10% and 7.5%) and ultracentrifuged at 32,000 rpm for 30mins at 4°C. The
purified mitochondrial pellets were resuspended into fresh mitochondrial isolation buffer
and centrifuged at 13,000 rpm for 10mins at 4°C. The supernatant was discarded the
pellets were resuspended in fresh mitochondrial isolation buffer. The resuspended samples
were quantified using a BSA assay and then 8μg/sample was used for a Seahorse run.
Mitochondrial oxygen consumption rates (OCR) were measured in respiration buffer using
Seahorse flux analyzer (Agilent) with serial injections of (Pyruvate + Malate + Adenosine
diphosphate (ADP)) via port A to induce State III (measures ATP production); Oligomycin
via port B to induce State IV (measures proton leak across inner mitochondrial membrane);
FCCP via port C to induce State VCI and (Rotenone + Succinate) via port D to induce State
VCII modes of respiration (measures maximum electron transport system capacity thru
complex I and complex II respectively).

2.11 N-acetyl cysteine (NAC) treatment for cells and animals
N-acetylcysteine (NAC) was acquired from Sigma-Aldrich (A7250). An equal number
of Mus and Rattus cells (40,000 cells/well) were seeded separately on two different 96well Seahorse plates and cultured for 24hrs. Next, cells from both plates were pre-treated
with different concentrations (0μM, 500μM, 1mM, 2mM, 5mM and 10mM) for either 1hr
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or 6hrs prior to H2O2 treatment to determine the optimal NAC dosage across species. Each
NAC treatment was followed by either 0μM or 300μM H2O2 treatment for 2hrs. After
2hrs, cells were washed with HBSS and fresh media was added. Next, we performed a
mitochondrial stress test (as outlined above) using a Seahorse XFe96 Analyzer. After
completing the mitochondrial stress test, cells were lysed in each well and total protein was
quantified for every well using a BSA assay to normalize the Seahorse run. These
normalized OCRs from two plates were again normalized to a basal value of their
respective non-treated samples (non-treated Mus sample for Mus plate and non-treated
Rattus sample for Rattus plate). The percentage was calculated for each sample in every
run. The optimal dose across species was determined to be a 1hr pretreatment with 2mM
NAC.
Mus and Rattus cells were cultured on 24-well plates with coverslips. The cells were
treated with 2mM NAC for 1hr followed by H2O2 for 2hrs. After 2hrs, cells were washed
with HBSS and fresh media was added. Cells were fixed after 48hrs. Staining for p21 and
SA-βgal was performed as described above.
The 1-2.5 months old Mus were used for NAC experiment. NAC either directly
acts as an antioxidant or increases the pool of GSH which increases the GPx activity. The
dose of 150mg/kg NAC was selected based on previous studies (Cao et al., 2012). The
drug/water control was administrated via i.p. 24hrs before and just before 4mm ear punch
with water (control) (n=5) or 150mg/kg NAC (n=5/dose). Later, water or NAC was
injected every day till D3 after ear punch.

100mg/kg NAC was also injected every

alternate day till D8 after ear punch to check the effect for long term exposure. At D10,
the EdU was injected thrice with 3hrs interval and 8mm punched ear tissue was collected
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from one ear of each treated animal. The tissue was fixed, washed with PBS and 70%
ethanol and paraffin blocks were prepared.

2.12 DPI treatment for Acomys and chemiluminescence assay
1.5-3 months old Acomys were used for DPI treatments. DPI inhibits ROS through
flavoenzymes especially NADPH oxidase. Previously, our group has shown that ear
punched Acomys show higher ROS production through NADPH oxidase activity till 8-10
days after punch (Simkin et al., 2017). 0.3mg/kg dose of DPI was chosen after performing
a pilot experiment with low (0.1mg/kg) and higher (1mg/kg) concentration of DPI as
shown in previous study (Huang et al., 2018). The drug was i.p. injected twice (24hrs
before and just before 4mm punch) with DMSO (control) (n=5) or DPI (n=5/dose). Later,
the drug was injected every alternate day till D8 after ear punch. To ascertain the efficacy
of DPI to inhibit NADPH-oxidase in spiny mice, we performed lucigenin
chemiluminescence assays.

The treated animals were anesthetized using 3% (v/v)

isoflurane and lucigenin (5mg/kg in PBS; M8010 Sigma-Aldrich, St. Louis, MO) was i.p.
injected at D1, D2, D3, D5, D7 and D10 after ear punch to measure the ROS production
through NADPH-oxidase in the punched ear. The animals were incubated for 10 min after
lucigenin injections in the incubation chamber. Later, the animals were kept in the in vivo
imaging chamber of IVIS 200 Spectrum (Perkin Elmer, Waltham, MA). 10 luminescence
images were captured with a 60s exposure, binning factor- 8, f-stop-1 and a 21.6 cm field
of view. A circular region of interest with a diameter of 6mm was placed around the 4mm
wounded area of ear to measure the radiance emitted by this punched ear. Further analysis
was performed using the maximum flux value for each wound area over the 10 images.
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The average radiance value for the treated animals with DPI or DMSO were calculated,
graphed and analyzed for statistical differences.
Later, at D10, the animals were injected with EdU 3 times with 3hrs of interval.
The animals were anesthetized to collect 8mm punched ear tissue at D10 from one ear.
The harvested tissue was fixed with 10% neutralized buffer formalin (28600-1, Stat lab),
washed with PBS and 70% ethanol and finally, processed to make paraffin blocks
(explained later). These were used further to perform Immunohistochemistry (IHC) for
proliferation and senescent markers. The animals were kept in their respective cages for
further ear hole closure rate measurements.

2.13 Ear hole closure rate measurement
The DPI or DMSO treated Acomys were used to measure the ear hole area till D80 to
monitor the regenerative capacity in these treated animals. The treated animals with
punched ear hole were anaesthetized and measured their ear hole after every 5 days till the
ear hole completely closed. Ear hole area was measured laterally and dorsoventrally and
calculated using the formula of area of circle (3.14*d2/4). The area was averaged among
the same pool of animals. The averaged data was graphed and analyzed to test for statistical
differences.
Similarly, the NAC or water treated Mus were also used to measure the ear hole closure
area to understand the effect of NAC on Mus scarring. Ear hole area was measured
(laterally and dorsoventrally) every 5 days till D30 or D45 post injury till the graph
plateaued out. Ear hole area from each treatment was averaged, graphed and performed
statistics on them.
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2.14 Paraffin tissue section preparation and embedding
The EdU injected tissue at D10 were stored in 10% formalin at cold room on shaker
overnight. Tissue was then washed thrice with PBS, 10mins each followed by dehydration
with 70% ethanol for 10mins. The dehydrated tissue was stored at -20 °C until further
usage. The tissue was cut into half which contains distal and proximal part in it. The
tissue was placed in the labelled tissue holder plastic cassette. The cassettes were arranged
in the cylindrical chamber and kept inside the glass container containing 100% ethanol
which was then placed in the Hier Histo 5 processor. The steps of the program used on
Histo processer were: first 100% ethanol for 25mins at 65 °C followed by treatment with
isopropanol for 1hr. Further, we used another program which contains a vaporization step
for 2mins followed by paraffin wax infiltration for 65mins. The wax blocks were placed
in the 58 °C paraffin bath for 15mins to melt the wax out of the blocks. Molten paraffin
was poured on to the mold and our half donut shaped tissue sections were placed carefully.
The mold was kept on the cold plate and a labeled tissue cassette was kept on top of the
mold to hold the tissue firmly.

Molten paraffin was poured to cover the cassette and

cassette was placed on the cold surface. After complete solidification of wax, the mold
was easily removed, and the paraffin tissue blocks were stored for further usage.

2.15 EdU detection and immunocytochemistry
Tissue embedded paraffin blocks were used to cut 5µm thin sections in the
microtome machine. The cut sections were placed in the hot water bath and carefully
transferred to the slides. The slides were kept on heating block at 37 °C overnight. The
paraffin tissue slides were deparaffinized by treating twice with Xylene (2x5mins each)
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followed by 100% EtOH treatment (2x5mins each). The slides were rehydrated by
treatment with 90% EtOH for 2mins followed by 70% EtOH for 3mins and finally with
water for 30secs. Epitope retrieval with Tris-EDTA buffer pH 9 or pH 6 by heat (80 °C
for 20mins) was performed in the Histo processor chamber. Slides were washed with 1X
TBS for 5mins and were either used directly for antibody labelling or EdU detection
followed by antibody labelling. The EdU labelling were performed for 30mins in dark
using the cocktail mix which contains 5µl of 2M Tris (pH 8.5), 2µl of 50mM CuSO4, 0.2µl
of Alexa Fluor® azide 594, 20µl of 0.5M ascorbic acid dissolved in water to make final
volume of 100µl. The slides were washed twice with 1X TBS 5mins each. EdU labelled
slides or direct antibody labelling slides were blocked with Donkey/Goat serum for
30mins. Streptavidin/Biotin blocking kit (Vector laboratories) was used to enhance the
signal. The slides were treated with Streptavidin for 15mins, washed with 1X TBS for
5mins, treated with Biotin for 15mins, washed for 5mins with 1X TBS and specific
primary antibody antibodies were added for overnight at 4 °C. Next day, the slides were
washed with 1X TBS for 5mins and treated with Biotin antibody raised in respective
primary antibody host for 30mins in dark. The slides were washed and labelled with
secondary streptavidin antibody for 30mins in dark. The slides were washed once with
1X TBS for 5mins followed by water wash for 5mins. Hoechst was added for 5mins to
label the nucleus. Slides were washed with water, dried, mounted with Prolong gold, cover
slipped and stored in dark till imaging. The primary antibody used were: p21 at 1:1 (rat
mAb, HUGO 321 C/C5, Monoclonal antibodies core unit, Spanish National Cancer
Research Center), γH2AX at 1:500 (rabbit mAb, P-H2A.X-Ser139, clone 20E3, Cell
signaling technology), p38 at 1:100 (rabbit mAb, Cell signaling technology), p-p38 at
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1:250 (rabbit mAb, Cell signaling technology), Caspase 9 at 1:1000 (rabbit polyAb, Novus
biologicals) and cleaved Caspase 3 at 1:100 (rabbit mAb, Cell signaling technology). The
secondary antibody used were streptavidin 488 or 594 at 1:400 (Life technologies). The
area distal and proximal to injury site were imaged at 100X magnification using an
Olympus BX53 microscope. The positive cells for particular markers were counted
manually and calculated as a percent of all the cells present. The average of percentage
for each marker for the treatment groups were calculated, graphed and analyzed for any
statistical differences.

2.16 Protein isolation and quantification
The 4mm punch ear was made in Acomys and Mus ear pinna to collect uninjured
(D0) tissue. Later, the healed tissue was collected at D1, D3, D5, D10, D15 and D20 with
an 8mm punch. Collected tissue was washed with HBSS once, snap frozen and stored at 80 °C until further use. 400µl of RIPA buffer (Thermo fisher scientific) was added into
the tissue sample. The samples were sonicated thrice for 25secs with 30secs intervals on
ice. The sonicated protein lysates were centrifuged at 13,000rpm for 15mins at 4 °C. The
supernatant was collected in the freshly labelled tubes. The protein lysates were used for
quantification using BCA assay (Pierce, Thermo fisher scientific).

In the 96-well

microplate, 2 or 5µl of protein lysates along with BCA protein standards were loaded
followed by the addition of 100µl BCA assay mixture and absorbance was measured at
562nm. Quantified protein lysates were stored at -80 °C until further usage.
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2.17 Western blot
Quantified protein lysate from Acomys and Mus for D0, D1, D3, D5, D10 and D20
were used for western blotting. 20µg of protein lysates from each sample was taken and
mixed with 4X LDS sample buffer, 10X reducing agent and made up to total volume to 15
µl in dd H2O. The protein samples were denatured at 90 °C for 10mins. 10% Bis-Tris
from NuPAGE™ with 15-well thickness of 1.5mm for each well (NP0316BOX) was used.
The gels were placed tightly in the gel cassette and running buffer was poured into the gel
apparatus. 500µl of NuPAGE antioxidant was added in the middle chamber. The
denatured protein samples were loaded along with the prestained protein standard in the
respective assigned wells. The protein gel electrophoresis was performed at constant 180V
for 45mins. After the run, the electrophorized protein gel was carefully removed from the
gel cassette and incubated in water or 5-10mins. The iBlot transfer machine was used to
transfer protein to the PVDF membrane by assembling a stack of bottom, gel, filter paper,
top and sponge on the machine. After the transfer, the membrane was carefully removed
and incubated in 1X TBST buffer.
The membrane was blocked with 5% milk block for 1hr at room temperature on a
rocker. The membrane was incubated with primary antibody (prepared in 5% milk block)
at 4 °C overnight. The primary antibody used were: p21 at 1:250 (rabbit polyAb,
Invitrogen), p38 at 1:1000 (rabbit mAb, Cell signaling technology), p-p38 at 1:1000 (rabbit
mAb, Cell signaling technology), Caspase 9 at 1:1000 (rabbit polyAb, Novus biologicals),
Caspase 3 at 1:1000 (rabbit mAb, Cell signaling technology) and beta-actin (rabbit mAb,
Cell signaling technology). Next day, the membrane was washed with 1X TBST for
3x5mins each on a rocker. The secondary hrp rabbit or rat antibody was prepared in 5%
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milk block. The membrane was incubated with secondary antibody for 1hr on rocker at
room temperature. The membrane was washed thrice with 1X TBST for 5mins each on
rocker. The membrane was placed in the water and ECL detection kit was used to visualize
the protein bands according to the manufacturers protocol. The proper exposure time in
UV-transilluminator was used to capture the images. The area of each band was measured
using image J program and normalized against housekeeping protein. The normalized
western blot data was averaged, graphed and tested for significant differences using JMP
software.

2.18 MitoTracker red staining
The cells were seeded on the 24-well plates with glass coverslip. The cells were
washed with HBSS and 0.3ul/ml of MitoTracker™ Red CMXRos in the warm media was
added in the wells and incubated in the 37 °C tissue culture incubator for 30mins. The
staining mix was removed from the plate and washed twice with PBS. Cells were fixed
with 4% formaldehyde and incubated in dark for 15mins and washed with PBS (2x5mins
each). Chilled acetone was added for 5mins. It was removed and washed once with PBS.
The nuclear stain, DAPI (1:2000) was added in the each well for 15mins. The DAPI
solution was removed and washed once with water. The coverslips were dried and
mounted with Prolong gold on the slides. The microscopic images were captured, and
Image J software was used to measure the particle count and fluorescent intensity. Data
was analyzed, graphed and tested for statistical significance.
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2.19 Preparation of ρ0 cells (EtBr treatments)
Cells were cultured on 10cm plates. Media composition for EtBr treatment contains
DMEM, 10%FBS, 1% Anti-anti, 10% uridine with different concentrations of EtBr (0ng
(control), 250ng, 500ng, 750ng and 100ng). We tested these different EtBr concentrations
and found that 250ng of EtBr for Acomys and Oryctolagus and 1000ng for Mus and Rattus
for 2 weeks was sufficient enough to produce ρ0 cells. We performed mitochondrial stress
test run as well as MitoTracker red staining to confirm the formation of ρ0 cells.

2.20 Cybrid preparations
The ρ0 cells were prepared as explained before and labelled with MitoTracker red
whereas the isolated mitochondria were labelled with MitoTracker green. Later, the
labelled isolated mitochondria were added in the culture media of stained ρ0 cells to make
the cybrids. This cybrid preparation protocol was confirmed by fixing and microscopic
images as well as by performing Seahorse mitochondria stress test run.

2.21 Microscopy and image acquisition
Bright field images for SA-βgal stained cells were taken using an Olympus IX-71 with
DP72 color camera (12.8 megapixel cooled digital color camera). Fluorescent images were
captured using a BX53 microscope (Olympus, Tokyo, Japan) with DP80 Color Camera
(Dual CCD Color and Monochrome Camera) and equipped with cellSens software
(cellSens v1.12, Olympus Corporation).
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Live imaging of HyPer transfected cells was performed for 18hrs using an Olympus
IX83 inverted, fluorescent microscope outfitted with an automatic stage and culture
chamber.

Culture conditions in the chamber were maintained as above and with

physiological oxygen levels. The fluorescent intensity of HyPer was measured using a
FITC channel with excitation and emission wavelength (ex/em) at 495/520 nm. Although
the HyPer probe is often detected by calculating the ratio of two excitation wavelengths
(420 and 500nm), we monitored a single wavelength because there was negligible
movement of fibroblasts during live imaging and we controlled for sensor transfection from
all four species (Belousov et al., 2006; Bilan and Belousov, 2016; Markvicheva et al., 2008;
Tong et al., 2019). To account for potential variation in sensor transfection, we analyzed
cells (≥ 20 cells/cell line) exhibiting similar baseline expression levels of HyPer across all
four species. Different fields of fluorescent cells were imaged using 20X objective lens in
each well prior to H2O2 treatment. Cell fields were tagged using cellSens software for
automated image capture every 30mins for 18hrs. Captured images were analyzed using
Olympus cellSens software by measuring the fluorescent intensity of each cell (≥ 20
cells/cell line) at each time point. The fluorescent intensity at each time point for a single
cell was divided by the pre-treatment intensity of the same cell to calculate the fluorescent
intensity ratio (F/F0). Ratios were calculated from three independent cells lines for each
species.

2.22 Statistical analysis
JMP (version Pro 12.1.0, SAS Institute Inc.) was used to perform all statistical analyses.
In all tests, alpha was set at 0.05. Percentage data was arcsine transformed for analyses
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and expressed graphically as percent. Post hoc comparisons were made using Tukey-HSD
multiple comparisons. To analyze percent SA-βgal+ cells (as a fraction of total cell
number) between Acomys and Mus we used a two-way ANOVA with species, passage
number and the species*passage number interaction followed by post-hoc comparisons to
test for the effect of species and passage number. To analyze our immunocytochemical
data for different senescent markers (represented as a percentage of total cells) between
Acomys and Mus, we used a two-way ANOVA with species, senescent marker and the
species*cell marker interaction followed by post-hoc analysis to test for the effect of species
and cell marker. To identify significant proliferative differences (percent EdU+ cells)
among the four species we used a one-way ANOVA. In order to analyze percent SA-βgal+
cells (as a fraction of total cell number) and test for significant differences between species
and passage number, we used a repeated measures two-way ANOVA with species, passage
and the species*passage interaction as factors. Post-hoc comparisons tested for an effect
of species and passage number.

To analyze data generated for the H2O2 exposure

experiments, we quantified percent proliferating (EdU+) and percent positive cells (i.e.,
SA-βgal+, g-H2AX, p16, p19, p21, and p53) and used a two-way ANOVA to test for an
effect of species, H2O2 concentration and the species*H2O2 concentration interaction. We
used Tukey HSD to specifically test for significant differences within species.
We used a linear model (from 0.5hrs to 2.5hrs) to compare the differences in
fluorescent intensities ratio (F/F0) after H2O2 treatment on HyPer transfected cells of
passage 2 (P2) Acomys, Mus, Rattus & Oryctolagus. We performed ANOVA followed by
t-test to compare fluorescent intensities ratio at 0.5hrs among all the 4 species. We also
analyzed the significant changes in fluorescent intensities ratio after 2.5hrs, 4hrs and 5hrs
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among all the 4 species through ANOVA followed by t test multiple comparisons. We
analyzed the catalase and GPx activity assays by using a two-way ANOVA and multiple
comparison post hoc test for the effect of species, H2O2 concentration, and species*H2O2
interaction. We also used a LS Means test to compare the changes in catalase and GPx
activity among the regenerating and non-regenerating species groups. Similarly, to analyze
the mitochondrial OCR data for basal respiration, ATP production, maximal respiration
and spare respiratory capacity, we used a two-way ANOVA and multiple comparison t-test
for the effect of species, H2O2 concentration and the species*H2O2 interaction. We
analyzed the isolated mitochondrial OCR data for State III and RCR using two-way
ANOVA and multiple comparison t-test for the effect of species, H2O2 concentration and
the species*H2O2 interaction. Further, we used One-way ANOVA to analyze OCR data of
pretreated NAC samples followed by H2O2 treatment for basal respiration, ATP production,
maximal respiration and spare respiratory capacity as well as for percent p21+ and SAβgal+ cells. Relevant statistics are reported in the results and figure legends. Complete
statistical outputs are reported in Supplementary Tables S1-S42.
The statistical analyses were performed through JMP (version Pro 15.0, SAS Institute
Inc). The alpha was set at 0.05 for all the statistical analysis. To analyze our IHC’s data
comparing percent positive cells (EdU+, γ-H2AX+, p21+, p38+ and p21+p38+) for
Acomys and Mus at D10 and D20, Two-way ANOVA was performed with species, days
and the species*days interaction followed by post-hoc comparisons to test for the effect of
species and days post injury.

For DPI or DMSO injected animals, chemiluminescence

was analyzed by Two-way ANOVA with days, treatment and days*treatment interaction
followed by post-hoc comparisons to test for the effect of treatment and days post injury.
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To analyze the significant differences in ear hole closure rate between DPI or DMSO
treated Acomys, and NAC or water treated Mus, Two-way ANOVA was performed with
days, treatment and days*treatment interaction followed by post-hoc comparisons to test
for the effect of treatment and days post injury. The IHCs for %EdU+, %γ-H2AX+ and
%p21+ cells for DPI or DMSO treated Acomys, and NAC or water treated Mus were
analyzed by One-way ANOVA between the treatments. The Two-way ANOVA was
performed to measure the significant difference in GPx activity between different time
points for Acomys or Mus. To analyze our immunocytochemical data for %p21+, %p38+,
and %(p21+p38) + cells (represented as a percentage of total cells) between Acomys and
Mus, Two-way ANOVA was performed with species, H2O2 treatment and the
species*treatment interaction followed by post-hoc analysis to test the effect of species and
cell marker.
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3.1

Abstract
A surveillance system in mammals constantly monitors cell activity to protect

against aberrant cell proliferation in response to damage, injury and oncogenic stress. A
key question in regenerating animals is how cells interpret injury signals that induce
cellular senescence in non-regenerating animals. Here we directly test this question by
isolating and culturing adult connective tissue fibroblasts from mammals that heal
musculoskeletal injuries through regeneration (Acomys and Oryctolagus) or fibrotic repair
(Mus and Rattus). While proliferative ability in culture does not segregate with healing
phenotype, we show that cells from regenerative mammals are highly resistant to ROSinduced cellular senescence. Exposure to hydrogen peroxide significantly decreases cell
proliferation and increases p53, p21, p16, and p19 in mouse and rat cells. In contrast, ear
fibroblasts from spiny mice and rabbits do not activate these tumor suppressors in response
to exogenous ROS and proliferation is unaffected. Gamma irradiation, however, induces
p53 and p21 in spiny mouse and rabbit fibroblasts demonstrating that regenerating species
differentially sense cellular stressors compared to non-regenerating species. Quantifying
oxygen consumption and mitochondrial stability, we demonstrate that increased
intracellular hydrogen peroxide is rapidly detoxified in regenerating species, but
overwhelms antioxidant scavenging in cells from non-regenerative mammals. Although
exogenous ROS disrupts mitochondria and triggers cellular senescence in mouse and rat
fibroblasts, pretreatment with N-acetylcysteine (NAC) protects these cells from ROSinduced cellular senescence. Together, our results show that intrinsic cellular differences
can partially explain interspecific variation in regenerative ability and suggest that injuryinduced cell proliferation is partly controlled by differential stress-sensing mechanisms.
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3.2

Introduction
Local cell proliferation is limited during tissue healing in most mammals, with new

tissue forming a fibrous scar to repair the injury. In contrast, resident cells respond to
injury during epimorphic regeneration by actively proliferating to generate new tissue
which subsequently undergoes morphogenesis and growth to replace the damaged or
excised part (Hay and Fischman, 1961b).

While there is tremendous interest in

understanding the source and developmental potential of the local progenitor cell
population in regenerating systems (reviewed in Tanaka and Reddien, 2011), it is equally
important to understand how quiescent cells become activated and transduce injury signals
to trigger cell cycle re-entry and controlled cell proliferation (Owlarn et al., 2017). This
last question is particularly relevant when trying to understand how closely related species
can differ in their injury response; where active cell cycle progression and proliferation
occur during regeneration, in contrast to cell cycle stasis and excessive collagen deposition
during fibrotic repair (Gawriluk et al., 2016a; Simkin and Seifert, 2018a).
Although cell proliferation is tightly regulated during tissue homeostasis in adult
vertebrates, a host of stimuli (e.g., genetic mutations, chemical agents, tissue damage, etc.)
can lead to aberrant cell proliferation and neoplastic transformation of adult cells (reviewed
in Collado and Serrano, 2010).

Cellular senescence has evolved as an important

surveillance mechanism to identify damaged or mutated cells for subsequent removal or
isolation. Originally identified to describe the finite proliferative capacity of human cells
in culture (Hayflick and Moorhead, 1961), a range of stimuli are now recognized to induce
the stable cell-cycle arrest associated with cellular senescence (reviewed in Campisi and di
Fagagna, 2007b; Muñoz-Espín and Serrano, 2014b; Sharpless and Sherr, 2015). Among
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these stimuli, tissue injury causes a local increase in reactive oxygen species (ROS) and
can elicit a DNA-damage response (DDR) resulting in stress-induced or damage-induced
senescence respectively. During mammalian tissue repair, proper healing benefits from
the secretory phenotype of senescent cells, although efficient clearing of senescent cells is
also required for proper tissue remodeling (Chiche et al., 2017; Demaria et al., 2014;
Krizhanovsky et al., 2008). Interestingly, results from several studies suggest that cells in
regenerating vertebrates may be refractory to cellular senescence via alternate regulation
of tumor suppressor pathways (Gawriluk et al., 2016a; Hesse et al., 2015; Pajcini et al.,
2010; Tanaka et al., 1997b). This raises the possibility that although injury-propagated
cellular senescence might be beneficial for tissue repair in certain contexts, it may also
prevent local cell proliferation and thus antagonize regenerative healing (Hesse et al., 2015;
Pajcini et al., 2010; Seifert et al., 2012c; Yoo et al., 2012).
Comparative models of regenerative success and failure provide an opportunity to
investigate if intrinsic cellular differences can explain variation in regenerative ability
(Seifert and Muneoka, 2017).

Spiny mice (Acomys spp.) are capable of skin and

musculoskeletal regeneration whereas other closely related murid rodents heal identical
injuries via fibrotic repair (Brant et al., 2016; Gawriluk et al., 2016a; Jiang et al., 2019;
Matias et al., 2015; Seifert et al., 2012a). Moreover, blastema formation and active cell
proliferation distinguish the regenerative response in Acomys from scarring in Mus. Using
a 4mm ear punch assay, Gawriluk et al., (2016) found that while local cells at the injury
site were activated to re-enter the cell cycle in both species, significant cell cycle
progression and proliferation only occurred during regeneration. Furthermore, injury in
Mus induced nuclear localization of the tumor suppressor proteins p21 and p27 during
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fibrotic repair, whereas these tumor suppressors were not detected in Acomys blastemal
cells (Gawriluk et al., 2016a). In addition to spiny mice, certain lagomorphs can regenerate
musculoskeletal tissue and are capable of producing at least 1cm2 of new skin, cartilage
and connective tissue (Gawriluk et al., 2016a; Goss and Grimes, 1972; Joseph and Dyson,
1966; Williams-Boyce and Daniel, 1986). Although cell cycle progression and senescence
have not been examined during regeneration in rabbits, alongside spiny mice, they provide
an excellent opportunity to ascertain whether key cellular behaviors segregate across
healing phenotypes.
In this study, we isolate and culture adult ear pinna fibroblasts from two highly
regenerative (Acomys cahirinus and Oryctolagus cuniculus) and two non-regenerating
(Mus musculus and Rattus norvegicus) mammals in order to assess proliferative ability
and their propensity to experience cellular senescence using a comprehensive panel of
consensus senescence markers. For clarity, we refer to these species by their genus
throughout the remainder of the paper. Whereas Mus cells proliferate poorly in culture
and senesce after ~40 or 90 days depending on oxygen concentration, we demonstrate that
Acomys cells exhibit enhanced proliferative ability under ambient (20%) and physiological
(3%) oxygen and that Acomys cells are refractory to cellular senescence. Similar to
Acomys, we find that fibroblasts from Rattus and Oryctolagus are insensitive to oxygen
concentration and highly proliferative in culture. Exposing cells from these species to
sublethal doses of the reactive oxygen species (ROS) hydrogen peroxide and to gamma
radiation, we find that cells from non-regenerating species rapidly undergo cellular
senescence in response to both stressors and exhibit strong induction of the consensus
markers p21, p53, p16 and p19 (ARF). In stark contrast, cells from regenerating species
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do not undergo stress-induced senescence in response to hydrogen peroxide. While
gamma irradiation induced DNA damage and senescence in all species, increased
expression of p53 and p21 in Acomys and Oryctolagus was independent of p16 and p19.
To mechanistically link ROS and stress-induced senescence we show that increased
intracellular hydrogen peroxide is efficiently reduced via glutathione peroxidase (GPx)
activity in regenerating species who do not exhibit mitochondrial distress. This contrasts
to non-regenerating species which we show exhibit significant mitochondrial dysfunction
in response to hydrogen peroxide exposure. Lastly, although exogenous ROS disrupts
mitochondria and triggers cellular senescence in mouse and rat fibroblasts, we
demonstrated that pretreatment with N-acetylcysteine (NAC) protects these cells from
ROS-induced cellular senescence.

3.3

Results
3.3.1

Ear pinna fibroblasts from Acomys, Rattus and Oryctolagus exhibit
enhanced proliferative ability in vitro

During vertebrate appendage regeneration, connective tissue fibroblasts are the
dominant seed source for the local proliferative population that will replace the missing
tissue (Kragl et al., 2009; Muneoka et al., 1986b; Rinkevich et al., 2011). To test our
hypothesis that connective tissue fibroblasts from regenerating systems exhibit enhanced
proliferative ability (compared to cells from non-regenerating animals), we isolated and
cultured primary ear pinna fibroblasts from the highly regenerative Acomys and
Oryctolagus (New Zealand rabbits) and from two non-regenerating rodents Mus (outbred
Swiss Webster) and Rattus (Norway rats) under ambient (20%) or physiological (3%)
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oxygen levels (see Methods). We and others have documented bonafide regeneration in
spiny mice in (Gawriluk et al., 2016a; Hesse et al., 2015; Matias et al., 2015; Seifert et al.,
2012a; Simkin et al., 2017b) and rabbits (Gawriluk et al., 2016a; Goss and Grimes, 1972;
Joseph and Dyson, 1966), and rats have been shown to heal ear punches via fibrotic repair
(Williams-Boyce and Daniel, 1986). Under ambient (20%) oxygen, Mus fibroblasts
entered stasis after ~43 days (mean population doublings = 4.4) and Acomys fibroblasts
appeared to senesce at ~90 days (mean population doublings = 20.1) (Figure 3.1a-b). We
hypothesized that Rattus ear fibroblasts would behave similar to Mus, and Oryctolagus ear
fibroblasts would exhibit enhanced proliferative capacity similar to Acomys. In fact, rabbit
fibroblasts exhibited even higher proliferative capacity (107 PDs during 143 days in
culture) compared to Mus and Acomys, while rat ear pinna fibroblasts showed no signs of
stasis even after 147 days in culture (84.3 population doublings) (Figure 3.1c-d).
Although fibroblasts from some mammals are insensitive to oxygen levels (Patrick
et al., 2016), fibroblasts from other species (including humans) exhibit impaired
proliferative capacity at ambient O2 (20%).

To better approximate in vivo oxygen

concentrations, we assayed cells under physiological O2 levels (~3%) and asked whether
reduced oxygen affected proliferative capacity in adult fibroblasts from Acomys, Mus,
Rattus, and Oryctolagus (Figure 3.1a-e). Analyzing fibroblasts from all four species, we
found that physiological O2 significantly increased the proliferative ability of Mus and
Acomys cells but had no effect on Rattus and Oryctolagus fibroblasts in culture (Figure
3.1a-e). Although Mus cells divided more under reduced oxygen (20.8 ± 0.93 PD vs 4.4 ±
0.97 PD), they still experienced stasis rather quickly (~3 months in culture). Under 3% O2,
Acomys fibroblasts divided for ~60 PD before exhibiting signs of reduced growth and grew
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at a similar rate to Rattus cells (Figure 3.1b, e). In contrast to Mus and Acomys, oxygen
concentration did not affect Rattus and Oryctolagus fibroblasts which exhibited almost
identical growth rates after five months in culture at 20% and 3% O2 (Oryctolagus = 100
PD, Rattus = 85 PD) (Figure 3.1c-d).
In support of these observations, we estimated the proliferative population of
cultured cells from all four species by labeling passage 2 (P2) cells with EdU for 24hrs
under ambient and physiological oxygen (Figure 3.1f). Under 20% O2 we found a
significantly smaller proliferative population in Mus compared to Acomys, Rattus and
Oryctolagus (ANOVA, F=143.39, P<0.0001) (Figure 3.1f).

In addition, the total

proliferative population of Acomys fibroblasts (82%) was slightly smaller compared to
Rattus (95%) and Oryctolagus (95%) (Tukey-HSD, Acomys vs. Rattus t=-4.38, P=0.0043;
Acomys vs. Oryctolagus t=-4.87, P=0.0019) (Figure 3.1f). Similarly, at 3% O2, the percent
of EdU+ cells were not significantly different between Acomys (~88%), Rattus (~91%) and
Oryctolagus (~91%), whereas the proliferative rate of Mus fibroblasts (~75%) was
significantly lower compared to all three species (Figure 3.1f). Alongside EdU, we used
vimentin as a broad marker of fibroblast identity and found that our primary cell cultures
contained >95% fibroblasts across all four species (Figure 3.1g). These data show that
reducing oxygen levels increases the proliferative capacity of Acomys and Mus cells, but
has no effect on the population growth rate of Rattus and Oryctolagus cells.

59

120

Cell Population Doublings

110

b
Mus

100
90
80
70
60
50
40
30

90
80
70
60
50
40
30

3%O2
20%O2

RS

0

20

40

c

60

80

100

120

10
0

140

90
80
70
60
50
40
30

100

Oryctolagus

90
80
70
60
50
40
30
20
10

3%O2
20%O2

10
0

20

e

40

60
80
100
Days in culture

120

140

Mus
Acomys
Rattus
Oryctolagus

3%O2
20%O2

0

f

20

40

60
80
Days in culture

20%O2
100
90

90

80

80

80

70

70

60

60

50

50

40

40

30

30

30

20

20

20

10

10

0

0

% EdU+ cells

70
60
50
40

10

3%O2

0

20

40

60

80

100

120

140

100

120

140

3%O2

***
*

100
90

100

80

100
Cell Population Doublings

Cell Population Doublings

60

110

20

Cell Population Doublings

40

3%O2
20%O2
120
140

Days in culture
120

Rattus

100

110

20

d

Days in culture

120

RS

20

10

120

Acomys

100

RS

20

110

120
110

Cell Population Doublings

a

***

P2

Mus
Acomys
Rattus
Oryctolagus

Days in culture

g

Mus

Acomys
EdU
Vim
DAPI

P2

Rattus

P2

Oryctolagus

EdU
Vim
DAPI

EdU
Vim
DAPI

P2

EdU
Vim
DAPI

P2

Figure 3.1 Ear pinna fibroblasts from Acomys, Rattus and Oryctolagus exhibit
enhanced proliferative ability in vitro.
(a-d) Population doubling rates for Mus, Acomys, Rattus and Oryctolagus fibroblasts
cultured under ambient (20%) and physiological (3%) O2. (a-b) 3% O2 enhances
proliferative capacity of Mus and Acomys fibroblasts: Mus (n=5) cells at 3% O2: PD=20.8
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± 0.93, vs. 20% O2: PD=4.4 ± 0.97 and Acomys (n=5) cell at 3% O2: PD=60 ±3.4 vs. 20%
O2: PD=20.1 ±0.34. (c-d) O2 concentration did not affect mean proliferative ability of
Rattus (n=4) or Oryctolagus (n=4) fibroblasts. (e) Cross-species comparison of
proliferative ability at 3% O2 shows that Mus cells still senesce while fibroblasts from
Acomys, Rattus and Oryctolagus proliferate for at least 140 days. (f) At 20% O2, the
proliferative population (EdU+) of P2 Mus cells (~25%) was significantly lower compared
to Acomys (82%), Rattus (95%) and Oryctolagus (95%) (ANOVA, F= 143.3982,
***P<0.0001). Percent EdU+ cells in Acomys were slightly lower compared to Rattus
(Tukey-HSD, t=-4.38, P=0.0043) and Oryctolagus (Tukey-HSD, t=-4.87, P=0.0019)
(n=4/species). At 3% O2, mean percent EdU+ cells in P2 cultures are significantly lower
in Mus (75%) compared to Acomys (88%), Rattus (91%) and Oryctolagus (91%) (ANOVA,
F=17.3085, Mus vs. Acomys, P=0.0003, Mus vs. Rattus, P=0.0023 and Mus vs.
Oryctolagus, P=0.0002). (g) P2 cells co-labelled with EdU and the general fibroblast
marker Vimentin demonstrate that >95% of cell cultures from all four species are
fibroblasts (n=4/species).
3.3.2

In vitro resistance to senescence is not restricted to cells from
regenerating mammals

We next asked whether enhanced proliferative ability was associated with increased
resistance to cellular senescence in vitro. To test this potential association, we assayed
progressive passages of primary ear pinna fibroblasts from Acomys, Mus, Rattus and
Oryctolagus for low pH β-galactosidase activity (SA-βgal) as a general marker of cellular
senescence (Dimri et al., 1995). Despite an increase in proliferative ability under 3% O2,
Mus cultures at P3 (mean PD = 5.4 ± 0.24) contained 43.6% ± 2.23 SA-βgal+ cells and
after P13 (mean PD = 20.8 ± 0.96) the cultures were completely senescent (Figure 3.2a-b).
Compared to Mus cells at P13, Acomys (mean PD = 32.5 ± 0.49) and Rattus (mean PD =
34.0 ± 0.61) exhibited significantly fewer SA-βgal+ cells and Oryctolagus cultures
contained almost no SA-βgal+ cells (Figure 3.2a). Multiple stimuli can promote cellular
senescence including progressive telomere shortening, DNA damage, de-repression of the
cyclin-dependent kinase 2A (CDKN2A) locus, oxidative stress via ROS production and
oncogene activation (reviewed in (Muñoz-Espín and Serrano, 2014b). To more completely
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identify the senescent phenotype, we used a combination of markers that identify DNA
damage/double-stranded breaks (γ-H2AX), CDKN2A activation (p19, p16) and general
downstream markers of cell cycle inhibition and damage and stress-induced senescence
(p21, p53) (Muñoz-Espín and Serrano, 2014b; Sharpless and Sherr, 2015). Because γH2AX also labels cycling cells in S-phase, we used EdU to differentiate proliferating cells
from non-cycling senescent cells with heterochromatic foci (Figure 3.2c). Analyzing P2
cells from Acomys and Mus, we found significantly more cells (as a percent of total cells
in culture) labeled with all of these markers in Mus compared to Acomys (Figure 3.2c-g).
Similar to Acomys, and consistent with SA-βgal staining, we observed few percent+ cells
for these markers in P2 cells from Rattus and Oryctolagus (data not shown). These data
demonstrate that while Mus cells rapidly senesce in vitro, Acomys, Rattus and Oryctolagus
all exhibit prolonged resistance to cellular senescence.

Among all four species,

Oryctolagus fibroblasts exhibited the greatest proliferative rate and resistance to cellular
senescence.

These data provide evidence that increased proliferative ability under

physiological oxygen concentrations is associated with regenerative ability in some
mammals (e.g., Acomys and Oryctolagus). However, our data for Rattus suggested that
intrinsic proliferative capacity and resistance to cellular senescence cannot alone predict
enhanced regenerative ability.
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Figure 3.2 In vitro resistance to senescence is not restricted to fibroblasts from
regenerating mammals.
(a-b) In line with proliferative ability, cells cultured at 3% O2 were more resistant to cellular
senescence. Percent SA-βgal+ cells were measured in Mus, Acomys, Rattus and
Oryctolagus at progressive passages. Mus cells senesced at P13 and >90% of cultures were
SA-βgal+. There were significantly more SA-βgal+ cells compared to Acomys (~37%),
Rattus (~22%) and Oryctolagus (~4%) (P13 Tukey-HSD, Mus vs. Acomys, t=-23.81,
P<0.0001; Mus vs. Rattus, t=29.29, P<0.0001 Mus vs. Oryctolagus, t=39.98, P<0.0001).
Red arrows indicate SA-βgal+ cells (a). (c) Acomys and Mus fibroblasts (n=3/species)
from P2 co-labelled with γ-H2AX and EdU to differentiate senescent cells. Yellow arrows
indicate nuclei positive for γ-H2AX and EdU and white arrows represent nuclei positive
for EdU only. (d-f) P2 Acomys and Mus fibroblasts (n=3) labeled with p16 (d), p53 (e) and
p21 (f) and DAPI. Yellow arrows show marker positive cells while white arrows show
negative cells. (g) Quantified cell counts for (c-f). There were significantly more senescent
cells in Mus cultures positive for: γ-H2AX+, p21+, p53+ and p16+ (***P<0.0001, **
P<0.001; ANOVA). Error bars = S.E.M.
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3.3.3

Sub-lethal H2O2 exposure does not induce senescence in Acomys
fibroblasts

Resident fibroblasts within injured tissue experience a number of extrinsic stressors
with the potential to drive changes in cellular phenotype. For instance, fibroblasts in the
injury environment are exposed to high levels of hydrogen peroxide (H2O2) produced by
keratinocytes and inflammatory (reviewed in van der Vliet and Janssen‐Heininger, 2014).
Thus, we assayed the ability of fibroblasts to withstand sublethal concentrations of H2O2
to test the in vitro stress response of Acomys and Mus cells cultured under physiological
O2. To quantify stress-induced senescence, we treated cells with 0µM (control), 75µM,
150µM and 300µM H2O2 concentrations for 2hrs, removed the H2O2 and then cultured cells
for 24hrs and 48hrs in normal media (Chen et al., 2001). First, we examined how H2O2
exposure effected cell proliferation. Twenty-four hours post exposure, we found that the
proliferative population in both species was unaffected compared to control samples for all
concentrations (Figure 3.3a). However, after 48hrs in culture Mus fibroblasts exhibited a
37.5% and 59.3% decrease in the percent EdU+ cells in response to 150µM and 300µM
H2O2 respectively (t=4.71, P=0.0019 and t=7.94, P=<0.0001) (Figure 3.3a). Although the
proliferative index of Acomys fibroblasts was not significantly altered in response to
150µM H2O2 (t=1.93, P=0.916), after 48hrs in culture, a 300µM exposure did produce a
marginally significant decrease (18.95%) in EdU+ cells (t=3.32, P=0.0493) (Figure 3.3a).
Next, we examined how hydrogen peroxide exposure effected cellular senescence.
After 24hrs in culture, fibroblasts from either species did not exhibit a significant increase
in percent SA-βgal+ cells in response to any concentration of H2O2 (Two-way ANOVA,
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F=1.142, P=0.3708) (Figure 3.3b). In contrast, exposure of Mus cells to all sub-lethal
concentrations of H2O2 induced a significant increase in cellular senescence after 48hrs in
culture (Two-way ANOVA, F=223.05, P<0.0001) (Figure 3.3b). In response to 75µM or
150µM H2O2 exposure, Acomys cells did not exhibit an increase in SA-βgal+ cells.
Although a 300µM exposure did significantly increase cellular senescence in Acomys
fibroblasts, the increase was slight (2.14%; Tukey-HSD, t=-3.75, P=0.0189) (Figure 3.3b).
We also used our panel of senescence markers to examine cellular phenotype in response
to H2O2 exposure (Figure 3.3c-e). We found significantly more γ-H2AX+ Mus cells after
only 24hrs in culture at all concentrations examined (Figure 3.3c). While this result
persisted in Mus cells after 48hrs in culture, an increase in senescent-associated
heterochromatic foci was only observed at the highest concentration in Acomys fibroblasts
and only after 48hrs in culture (Figure 3.3c-d). Mirroring our results for γ-H2AX, we found
that p16, p19, p21 and p53 were significantly increased at all concentrations examined in
Mus fibroblasts (Figure 3.3e). In contrast, after 48hrs in culture we did not detect
significant increases for p16, p19, p21 and p53 in Acomys cells even after a 300µM
exposure, (Figure 3.3e). Taken together, these results show that sublethal concentrations
of H2O2 induce senescence in Mus fibroblasts, whereas Acomys fibroblasts appear highly
resistant to this extrinsic stressor.
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Figure 3.3 Sub-lethal H2O2 exposure does not induce senescence in Acomys
fibroblasts.
(a-e) P2 Acomys and Mus (n=4/species) fibroblasts treated with sub-lethal doses of H2O2
(0µM - control, 75µM, 150µM and 300µM) for 2hrs and then cultured for 24 and 48hrs.
(a) Mus fibroblasts showed no significant change in the percent EdU+ cells compared to
control after 24hrs, but at 48hrs experienced a significant decrease in response to 150µM
(Tukey-HSD, t=4.71, ***P=0.0019) and 300µM H2O2 (Tukey-HSD, t=7.94,
***P<0.0001). No significant changes in Acomys EdU+ cells at 24hrs. A small, but
significant decrease in percent EdU+ cells after 48hrs was detected in response to 300µM
H2O2 compared to control (Tukey-HSD, t=3.32, *P=0.0493). (b) H2O2 exposure had no
effect on cellular senescence in Mus and Acomys fibroblasts after 24hrs in culture. After
48hrs in culture Mus fibroblasts exhibited significant increases in SA-βgal+ cells at all
H2O2 concentrations, while Acomys fibroblasts registered a small, but significant increase
at 300µM only (Tukey-HSD, t=-3.75, *P=0.0189). (c) Acomys fibroblasts followed a
similar trend for γ-H2AX+ cells after H2O2 treatment while Mus fibroblasts significantly
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increased γ-H2AX+ cells at 24hrs in response to 300µM H2O2 in addition to significant
increases at 48hrs in response to all concentrations. (d) Representative cultures for results
in (a-c) stained with EdU and γ-H2AX. White arrows show double-positive cells and
yellow arrows show γ-H2AX+ senescent cells. (e) Acomys fibroblasts do not upregulate
the senescence markers p16, p19, p53 and p21 in response to any concentration of H2O2.
Mus fibroblasts show significant increases in these markers compared to Acomys in
response to all H2O2 treatments after 48hrs (Two-way ANOVA, p16, F=783.3681,
P<0.0001; p19, F=1094.501, P<0.0001; p53+, F=399.1625, P<0.0001; p21, F=526.55,
P<0.0001). *** P<0.0001. Error bars = S.E.M.

3.3.4

Fibroblasts from regenerating species are refractory to ROS-induced
cellular senescence

Given our finding that Acomys fibroblasts appeared to resist ROS-induced cellular
senescence, we sought to test if fibroblasts from Rattus and Oryctolagus would behave
according to their regenerative ability or would instead, reflect their proliferative ability.
Repeating our ROS stress experiments with P2 fibroblasts from all four species, we found
that H2O2 elicited a concentration dependent effect on Mus and Rattus cells (Figure 3.4a).
In stark contrast, H2O2 did not induce senescence in Oryctolagus cells at even the highest
sub-lethal concentration administered (Figure 3.4a). Comparing cells in response to
300µM H2O2, we found that the percent of actively proliferating (EdU+) cells significantly
decreased after 48hrs in Acomys (Tukey-HSD, t=4.19, P=0.0099), Mus (t=10.04,
P<0.0001) and Rattus (t=12.88, P<0.0001), while we found no significant change in
Oryctolagus (t=1.09, P=0.991) (Figure 3.4a). While we found slight, but non-significant
increases in Acomys and Oryctolagus heterochromatic foci, H2O2 exposure induced large
increases in senescent cells in Mus and Rattus (Figure 3.4a-b).

Importantly, we

consistently observed that our panel of cellular senescence markers (SA-βgal+, γ-H2AX+,
p21+, p53+, p16+ and p19+) was significantly increased in fibroblasts from the non-
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regenerating mammals in response to H2O2 exposure, whereas the regenerating species did
not exhibit significant increases in these markers (Figure 3.4a-b, Figure 3.5). Together
these data show that fibroblasts from regenerating species continue to proliferate and are
refractory to ROS-induced senescence, while fibroblasts from non-regenerating mammals
senesce in response to the identical stressor.
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Figure 3.4 Fibroblasts from regenerating mammals are refractory to ROS-induced
cellular senescence but upregulate p21 and p53 in response to gamma irradiation.
(a-b) Fibroblasts from regenerating (Acomys and Oryctolagus) and non-regenerating
mammals (Mus and Rattus) treated with increasing concentrations of H2O2 (0µM -control,
75µM, 150µM and 300µM) for 2hrs and then cultured for 48hrs in complete media
(n=4/species). (a) H2O2 induced a significant decrease in the percentage of proliferating
cells (EdU+) in Mus at 150µM (Tukey-HSD, t=5.95, P<0.0001) and 300µM H2O2 (TukeyHSD, t=10.04, P<0.0001) as well as in Rattus at 150µM (Tukey-HSD, t=8.25, P<0.0001)
and 300µM H2O2 (Tukey-HSD, t=12.88, P<0.0001), a small but significant decrease in
Acomys at 300µM H2O2 (Tukey-HSD, t=4.19, P=0.0099) and no significant change at any
H2O2 concentrations in Oryctolagus. The percentage of senescent cells (γ-H2AX+, SAβgal+, p21+ and p53+) significantly increased in non-regenerating species and were
unchanged in regenerating Acomys and Oryctolagus. (b) Representative fibroblast cultures
in (a) double-stained with p21 and p53 showing nuclear localization of these tumor
suppressors in response to H2O2. (c) Cells from all four species were exposed to gamma
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radiation at 0 (control), 5, 15 and 30 Gy and fixed 6hrs later. Fibroblasts from regenerating
species showed no significant increase in γ-H2AX+ cells at 5 Gray, whereas all species
demonstrated a significant increase in DNA damage at 15 and 30 Gy. Fibroblasts from all
four species demonstrated a significant increase in p21+ and p53+ cells at all three radiation
doses. In contrast, fibroblasts from regenerating species showed minimal activation of p16
and p19 in response to gamma radiation, where fibroblasts from Mus and Rattus strongly
activated p16 and p19. *** P<0.0001, ** P<0.001. Error bars = S.E.M.
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Figure 3.5 Fibroblasts from regenerating species do not significantly increase p16
and p19 in response to hydrogen peroxide.
(a-b) Fibroblasts from all the four species were treated with different sub-lethal dose of
H2O2 (0μM-control, 75μM, 150μM and 300μM H2O2) for 2hrs and cultured for 48hrs. (a)
The percentage of p16+ and p19+ cells were significantly increased in Rattus and Mus
while these markers did not significantly change in Acomys and Oryctolagus (p16+ cells,
ANOVA, F=757.2077, P=<.0001 and p19+ cells, ANOVA, F=1064.6167, P=<.0001).
Error bars shows S.E.M. (b) Representative images showing positive staining for p16 and
p19 (yellow arrows). DAPI = blue in merged panels.
3.3.5

Gamma irradiation can elicit DDR and upregulation of senescence
markers in regenerating species

We next irradiated fibroblasts with increasing amounts of gamma radiation to
ascertain if activating a DNA damage response (DDR) could induce cellular senescence in
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regenerating species (Figure 3.4c and Figure 3.6). Ionizing radiation causes genotoxic
damage and activates the DDR, which leads to p53 stabilization and increased levels of
p21 (Prendergast et al., 2011; Torres et al., 2004). We used γ-H2AX to monitor DNA
damage in response to irradiation (Rogakou et al., 1998) and while we observed
significantly increased numbers of γ-H2AX+ cells in all four species, the threshold for
radiation-induced damage was higher in fibroblasts from Acomys and Oryctolagus (Figure
3.4c). In addition, increasing amounts of gamma radiation significantly increased p53+
and p21+ cells in a linear fashion among all four species (Figure 3.4c and Figure 3.6). We
also monitored p16 and p19 in response to gamma irradiation and while irradiation led to
strongly significant increases in the number of p16+ and p19+ cells even at 5 Gray (Gy) in
Mus and Rattus, irradiation led to very small, albeit significant increases in Acomys and
Oryctolagus at 30 Gy (Figure 3.4c and Figure 3.6). Together these findings show that
fibroblasts from regenerating species experience senescence in response to irradiation in a
p16 and p19 independent manner.

Additionally, they demonstrate that these tumor

suppressor pathways can be activated by extrinsic factors in regenerating species even
though they are not activated in response to very high levels of hydrogen peroxide.
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Figure 3.6 Gamma irradiation activates senescent markers in fibroblasts from
regenerating species.
(a-d) Fibroblasts from all four species were treated with increasing doses of gamma
radiation (0 Gy-control, 5 Gy, 15 Gy and 30 Gy), cultured for 6hrs, fixed and stained with
a panel of senescent markers. The representative images show p21, p53, p16 and p19
positive cells in control (0 Gy) and after 30 Gy in Mus (a), Rattus (b), Acomys (c) and
Oryctolagus (d).

3.3.6

Fibroblasts from regenerating mammals maintain mitochondrial
integrity in response to exogenous ROS

In cells responding to increased oxidative stress, impaired mitochondrial function
can lead to cellular senescence (Belousov et al., 2006; Divakaruni et al., 2014; Rogakou et
al., 1998). We hypothesized that increased intracellular hydrogen peroxide destabilized
71

mitochondria in non-regenerating species. To directly test the effect of H2O2 exposure on
cellular metabolism and mitochondrial function, we quantified the rate of oxygen
consumption (OCR) from live cells with and without exposure to 300μM H2O2 for 2hrs
using a Seahorse XFe96 Analyzer (Figure 3.7a-b). While measuring OCR, we inhibited
specific complexes of the mitochondrial respiratory chain using Oligomycin, FCCP,
rotenone (+ succinate) and antimycin A which allowed us to determine basal respiration,
ATP-linked respiration, spare respiratory capacity and maximal respiration (Figure 3.7a)
(Divakaruni et al., 2014). Using this assay, we found that ear fibroblasts from Mus and
Rattus had impaired mitochondrial function in response to H2O2 exposure (Figure 3.7a-b).
This was demonstrated by a significantly decreased percent-normalized OCR, whereas no
significant changes were observed in fibroblasts from regenerating species (Figure 3.7b).
In addition, all the components of mitochondrial respiration we quantified were
significantly decreased in response to H2O2 treatment in non-regenerators (Figure 3.7a-b).
In stark contrast, Acomys and Oryctolagus exhibited no mitochondrial dysfunction in
response to H2O2 exposure (Figure 3.7a-b).
We next asked whether increased intracellular H2O2 directly impacted
mitochondrial function across species. To do this we isolated mitochondria 2hrs after
treating fibroblasts with 0μM H2O2 (control) or 300μM H2O2 and performed assessments
across different states of respiration using ADP + pyruvate/malate, oligomycin, FCCP and
Antimycin A. This combination of inhibitors assessed bioenergetic flux and the intactness
of isolated mitochondria. The OCR for isolated mitochondria after providing excessive
ADP and pyruvate/malate, yields the state III respiration rate. We found a significant
decrease in state III respiration (ATP production) for mitochondria from Mus and Rattus
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(Mus: t=2.39, P=0.0292 and Rattus: t=2.85, P=0.0116) whereas we observed no change in
state III respiration for Acomys and Oryctolagus (Acomys: t=0.04, P=0.9676 and
Oryctolagus: t=0.00, P=0.9996) (Figure 3.7).

We next looked at the intactness of

mitochondria by assessing the coupling of respiration and phosphorylation. As ADP is
exhausted, oligomycin blocks complex V and inhibits ADP to ATP conversion thus
decreasing the OCR and providing the state IV respiration rate, a measure of proton leak
across the inner mitochondrial membrane. Thus, the respiratory control rate (RCR) (the
ratio of state III/IV respiration rate) provides a measure of how well respiration and
phosphorylation are coupled. Analyzing the RCR, we found that it too was significantly
decreased in mitochondria from Mus and Rattus after H2O2 treatment (Mus: t=3.41,
P=0.0035 and Rattus: t=2.55, P=0.0215) (Figure 3.7c). Again, and in contrast to the nonregenerating mammals, we found no significant change in the RCR for mitochondria from
Acomys and Oryctolagus (Acomys: t=0.53, P=0.6005 and Oryctolagus: t=0.28, P=0.7856)
(Figure 3.7c). In combination with our assessment of intact cells, our results demonstrate
that mitochondria from regenerating species are somehow protected from exogenous ROS
(or insensitive to it). In contrast, H2O2 exposure destabilizes mitochondria and reduces
cellular metabolic rate in fibroblasts from non-regenerating mammals. These data also
suggest that mitochondrial dysfunction in response to injury stress may be a source of
increased ROS production and senescence in non-regenerators compared to regenerators.
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Figure 3.7 Fibroblasts from regenerating mammals maintain mitochondrial integrity
in response to exogenous ROS.
Mitochondria stress testing measured as OCR (pmol/min/μg protein) for fibroblasts from
all species after control (PBS) and 300μM H2O2 treatment. Mitochondrial complex
inhibitors were used to generate measures for basal respiration, maximal respiration, ATP
production, and spare respiratory capacity. (b) Measured OCR was converted to percent
normalized OCR and we found that all measured parameters were significantly decreased
in fibroblasts from non- regenerating species: basal respiration (ANOVA, F=15.8779,
P<0.0001), ATP production (ANOVA, F=25.2168, P<0.0001), maximal respiration
(ANOVA, F=20.2582, P<0.0001), and spare respiratory capacity (ANOVA, F=15.0920,
P<0.0001). (c) The mitochondria were isolated from all the species after 0μM H2O2
(control) or 300μM H2O2 treatment. Mitochondria assay was performed on a XF96
analyzer using ADP + pyruvate/malate and mitochondrial inhibitors oligomycin, FCCP
and Antimycin A. State III respiration was achieved through ADP stimulated respiration
whereas State IV respiration was calculated after oligomycin inhibition. The Respiratory
Control Rate (RCR) was calculated as the ratio of State III and State IV respiratory rate.
The OCR for State III and RCR was significantly decreased after H2O2 treatment in
purified mitochondria of non-regenerators while no significant effect was shown by
regenerators: State III respiration (ANOVA, F=19.1281, P<0.0001) and RCR (ANOVA,
F=19.1558, P<0.0001). Error bars = S.E.M.
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3.3.7

Acomys and Oryctolagus rapidly detoxify exogenous hydrogen peroxide

To address the potential for enhanced cytoprotection in fibroblasts from Acomys
and Oryctolagus, we measured intracellular H2O2 levels using a genetic (HyPer) and a
chemical (PO1) sensor pre- and post-H2O2 treatment (Figure 3.8a-b and Figure 3.9). HyPer
is a highly sensitive, genetically-encoded fluorescent probe that can specifically detect
H2O2 in cells (Belousov et al., 2006). First, we transfected fibroblasts from all four species
with HyPer, passaged cells in culture and then transferred cells to an incubator mounted on
an inverted microscope where equal numbers of cells were cultured for 48hrs. This allowed
us to monitor, measure and track fluorescent intensities of individual cells over time
(Figure 3.8a-b). Prior to H2O2 treatment, we selected groups of transfected cells for live
imaging every thirty minutes and during imaging cells showed negligible movement (see
Methods). These conditions allowed us to monitor a single wavelength to quantify
intracellular H2O2 levels (Belousov et al., 2006; Bilan and Belousov, 2016; Markvicheva
et al., 2008; Tong et al., 2019). Next, treatment wells were administered 300μM H2O2 and
cells within control and treatment wells were imaged over 18hrs (Figure 3.8a-b and data
not shown). After imaging, we chose twenty cells per cell line for all four species (n=3
lines/species) that exhibited similar fluorescence measures prior to treatment and used
those cells to calculate fluorescent intensity ratios for progressive time points (Figure 3.8b).
This data showed peak fluorescence levels were not different across species 30mins after
H2O2 treatment (Figure 3.8b). However, whereas fluorescence levels rapidly returned to
baseline after 2.5hrs in Acomys (Tukey-HSD, t=-1.42, P=0.1592) and Oryctolagus (TukeyHSD, t=-1.70, P=0.0929), fluorescence levels remained significantly higher in Mus
(Tukey-HSD, t=-3.06, P=0.0028) and Rattus (Tukey-HSD, t=-3.63, P=0.0004) till at least
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4hrs post treatment (Figure 3.8b). H2O2 levels returned near baseline after 5hrs in Mus
(Tukey-HSD, t=-1.74, P=0.0853) and Rattus (Tukey-HSD, t=-1.91, P=0.0588) (Figure
3.8b). Monitoring H2O2 levels pre- and post-treatment using the chemical probe PO1
revealed a similar pattern for each species and showed that intracellular H2O2 is more
rapidly degraded in cells from regenerating mammals (Figure 3.9). These data demonstrate
that cells from all four species experience the same acute intracellular H2O2 burst.
However, rapid ROS degradation in Acomys and Oryctolagus shorten intracellular
exposure to H2O2 compared to Mus and Rattus cells.
Could rapid detoxification of H2O2 in fibroblasts from regenerating mammals be
explained through higher antioxidant activity? Among ubiquitous antioxidant scavengers,
catalase and glutathione peroxidases (GPx) protect cells from oxidative stress. Catalase
converts H2O2 into water and oxygen and GPx decomposes H2O2 into water. We assayed
the activity of both enzymes from ear pinna fibroblasts at baseline and following a 1hr
exposure to hydrogen peroxide (Figure 3.8c-d). While baseline catalase activity was not
significantly different among species (Mus: 2.8± 0.01 mU/ml, Rattus: 2.7± 0.09 mU/ml,
Acomys: 2.7± 0.08 mU/ml, Oryctolagus: 2.6± 0.02 mU/ml) (Two-way ANOVA,
F=97.7947, P<0.0001), in response to a 1hr H2O2 exposure, catalase activity decreased
twice as much in non-regenerating species (Mus: 0.5± 0.06 mU/ml, Rattus: 0.5± 0.09
mU/ml, Acomys: 1.2± 0.24 mU/ml, Oryctolagus: 1± 0.08 mU/ml) (Two-way ANOVA, LS
Means-, F=20.5504, P<0.0003) (Figure 3.8c). These small differences in catalase activity
suggested it was not responsible for the rapid conversion of H2O2 in cells from regenerating
species.

Similar to endogenous catalase activity, baseline GPx activity was not

significantly different across species (Mus: 1.49± 0.01 mU/ml, Rattus: 1.46± 0.04 mU/ml,
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Acomys: 1.93± 0.12 mU/ml and Oryctolagus: 1.95± 0.14 mU/ml) (Two-way ANOVA,
F=172.3622, P<0.0001) (Figure 3.8d). However, after a 1hr H2O2 treatment, GPx activity
was significantly elevated in fibroblasts from Acomys and Oryctolagus compared to
fibroblasts from the non-regenerating species (Acomys: 8.53 ± 0.38 mU/ml and
Oryctolagus: 7.55± 0.42 mU/ml, Mus: 3.79± 0.01 mU/ml and Rattus: 3.48± 0.07 mU/ml)
(Two-way ANOVA, LS Means-, F=172.5647, P<0.0001) (Figure 3.8d). This activity
difference mirrored the comparatively lower levels of intracellular H2O2 we observed in
non-regenerating species using HyPer and PO1 fluorescence (Figure 3.8a-b and Figure
3.9). These data reveal a general pattern across all four species where catalase levels were
quickly overwhelmed by hydrogen peroxide treatment and GPx activity increased to
protect cells from oxidative stress. Moreover, our findings suggest that GPx could more
rapidly detoxify exogenous H2O2 in fibroblasts from regenerating species and in doing so
enhance cytoprotection from intracellular ROS damage.
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Figure 3.8 Regenerators rapidly detoxify exogenous hydrogen peroxide via increased
GPx activity.
(a) Representative images for a single live-imaged cell transfected with HyPer. Images
were captured every 30min over 6hrs. (b) Fluorescence intensity ratios (F/F0) were
calculated for >20 cells/cell lines for all four species (n=3 lines/species). A linear model
was used to detect rate of H2O2 detoxification and ANOVA was used to detect significant
differences between species. Fluorescence ratios quantified 30mins after H2O2 treatment
were not significantly different between species (ANOVA, F=1.2153, P<0.3651). H2O2
was detoxified significantly faster in Acomys and Oryctolagus (yellow box) (Linear model,
F=3.9693, P<0.0137). After 30mins, fluorescence ratios were significantly different
between species until 4hrs post treatment. In Acomys and Oryctolagus, fluorescent
intensities returned to baseline levels after ~2.5hrs (Tukey-HSD, Acomys: t=-1.42,
P=0.1592 and Oryctolagus: t=-1.70, P=0.0929), whereas H2O2 levels did not return to
baseline in Mus and Rattus until ~5hrs post-treatment (Tukey-HSD, Mus: t=-1.74,
P=0.0853 and Rattus: t=-1.91, P=0.0588). Asterisk refers to significant differences
between species from an ANOVA. (c) Catalase activity was significantly decreased in all
species (P<0.0001) following H2O2 exposure. Comparing catalase activity between
regenerating and non-regenerating species revealed a significantly greater decrease in non78

regenerators (Two-way ANOVA, LS Means, F=20.5504, P=0.0003). (d) GPx activity was
significantly increased in response to 300μM H2O2 in all species. However, GPx activity
increased to a greater extent in regenerators compared to non-regenerators (Two-way
ANOVA, LS Means-, F=172.5647, P<0.0001). (e) Pre-treatment with the glutathione
precursor N-acetylcysteine (NAC) protected Mus and Rattus cells from mitochondrial
destabilization resulting from H2O2 exposure. Percent normalized OCRs were not
significantly different among non-treated and NAC+ H2O2 (pre-treatment with 2mM NAC
followed by 2hrs of 300μM H2O2 treatment) treated samples in Mus and Rattus for all the
measured: basal respiration: ANOVA, Mus, F=5.9922, P<0.0781 and Rattus, F=2.7081,
P<0.1350, maximal respiration: ANOVA, Mus, F=8.5244, P<0.0384* and Rattus,
F=7.6320, P<0.5943; ATP production: ANOVA, Mus, F=10.5917, P<0.0928 and Rattus,
F=11.1963, P<0.0854; and spare respiratory capacity: ANOVA, Mus, F=4.2258, P<0.2816
and Rattus, F=14.4430, P<0.1892. (f-g). Pre-treatment with NAC prevents ROS-induced
senescence in Mus and Rattus cells as measured by percent p21+ (ANOVA, Mus,
F=1309.3470, P<0.0071 and Rattus, F=258.1558, P<0.0924) and SA-βgal+ cells
(ANOVA, Mus, F=669.5451, P<0.1465 and Rattus, F=125.3335, P<0.0522) staining.
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Figure 3.9 Rapid detoxification of increased intracellular H2O2 in regenerators
compared to non-regenerators.
PO1 fluorescence indicating intracellular H2O2 level in fibroblasts from regenerating
(Acomys and Oryctolagus) and non-regenerating mammals (Mus and Rattus) treated with
PBS (control) or 300μM H2O2 for different time periods. Schematic at top indicates time
post exposure and H2O2 washout (red circle), followed by 30mins PO1 treatment (green
circle) and fixation (open circle). Time points post exposure include time until fixation.
PO1 fluorescence in untreated cells indicated physiological levels of H2O2 across all cells
which were not significantly different among species. In response to exogenous H2O2
intracellular H2O2 remained high and elevated in fibroblasts from non-regenerating species
even at 48hrs post H2O2 washout. Intracellular H2O2 increased in fibroblasts from
regenerating species but was reduced near baseline levels after H2O2 washout.
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3.3.8

Increasing

glutathione

activity

via

N-acetylcysteine

(NAC)

administration protects Mus and Rattus fibroblasts from ROS-induced
cellular senescence
Protein alignments for the three major mammalian GPx protein (i.e., GPx1-3)
revealed the highly conserved nature of these enzymes and suggested that enzyme structure
alone was unlikely to drive differences in activity across healing phenotype. Instead,
glutathione peroxidase relies on the bioavailability of glutathione (GSH) to reduce H2O2.
We reasoned that increasing GPx activity in Mus and Rattus fibroblasts might protect these
cells from ROS-induced cellular senescence. N-acetylcysteine (NAC) is the N-acetyl
derivative of cysteine and is a general glutathione precursor (Dhouib et al., 2016).
Moreover, administering NAC effectively increases glutathione (GSH) stores thereby
increasing GPx activity (Aldini et al., 2018). We conducted dose-response studies and
determined that pretreatment with 2mM NAC effectively increased antioxidant scavenging
in the presence or absence of H2O2 (Figure 3.10a-b). Next, we pre-treated cells for 1hr
with NAC, added 300μM H2O2 to treatment wells (or nothing in control wells), harvested
cells 2hrs later and performed mitochondrial stress testing (Figure 3.8e). Using this
experimental design, we found that NAC treatment protected cells from the deleterious
effects of exogenous ROS (Figure 3.8e). While H2O2 treatment led to significant decreases
in basal respiration, maximal respiration, ATP production and space respiratory capacity,
NAC treatment significantly protected cells from the negative effects of H2O2 exposure
(basal respiration: ANOVA, Mus, F= 5.9922, P<0.0157; Rattus, F= 2.0781, P<0.1070;
maximal respiration: ANOVA, Mus, F= 8.5244, P<0.0050 and Rattus, F= 7.3260,
P<0.0073; ATP production: ANOVA, Mus, F= 10.5917, P<0.0022 and Rattus, F=
11.1963, P<0.0018; Spare respiratory capacity: ANOVA, Mus, F= 4.2258, P<0.0408 and
Rattus, F= 14.4430, P<0.0006). We then asked whether increased glutathione peroxidase
activity could similarly protect Mus and Rattus cells from ROS-induced cellular
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senescence. Indeed, pre-treatment of fibroblasts with 2mM NAC effectively abolished
significant increases in p21+ and SA-βgal+ cells in response to H2O2 exposure (Figure
3.8f-h). Taken together, our results show that increased glutathione peroxidase activity
correlates with increased cytoprotection in Acomys and Oryctolagus to ROS-induced
cellular senescence. Furthermore, our data support that increasing cellular detoxification
of H2O2 via NAC can protect Mus and Rattus fibroblasts from mitochondrial dysfunction
and ROS-induced cellular senescence.
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Figure 3.10 Optimized NAC pre-treatment protects Mus and Rattus cells from stressinduced senescence.
(a-b) The 1hr pre-treatment with different concentrations of NAC (0mM-control, 0.5mM,
1mM 2mM, 5mM and 10mM NAC) showed varying levels of protection in Mus (a) and
Rattus (b) cells in response to exogenous H2O2 treatment. Indicated parameters were
measured via mitochondrial stress testing. The normalized OCR were analyzed for nontreated and NAC+ H2O2 (pre-treatment with different concentrations of NAC followed by
2hrs of 300μM H2O2 treatment) treated samples in Mus (a) and Rattus (b) for all the
measured parameters such as basal respiration, maximal respiration, ATP production, and
spare respiratory capacity. The data support 2mM NAC as the optimal dose across Mus
and Rattus.
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3.4

Discussion
During epimorphic regeneration, local cells proliferate after being triggered to

undergo cell cycle re-entry and progression. In contrast, injury signals during fibrotic
repair trigger local cell activation, but cells undergo cell cycle arrest. The mechanistic
difference between this differential response to injury remains unknown. One possibility
is that injury signals induce local cells to senesce which prevents them from undergoing
cell cycle progression (Pajcini et al., 2010). While senescent cells and the mechanisms that
generate them have been well-studied in the context of aging and cancer, how (or if)
senescent cells contribute to complex tissue regeneration has only recently begun to attract
attention. Senescent cells occur during regeneration and fibrotic repair, but they account
for a relatively small fraction of cells within the injury microenvironment during
regeneration (Yun et al., 2015a). During salamander limb regeneration, p53 activity is
reduced in blastemal cells along with the p53 targets gadd45 and mdm2 but returns to
baseline during cell differentiation suggesting a role in regulating cell proliferation (Yun
et al., 2013). In contrast to mammalian myotubes, serum stimulation induces newt
myotubes to readily undergo cell cycle progression and injecting newt myotubes with
human p16 blocks cell cycle re-entry (Tanaka et al., 1997b). Human p19 (ARF) can
similarly inhibit fin regeneration when inserted into zebrafish under a heat shock promoter
where activation following injury negatively regulates blastema cell proliferation (Hesse
et al., 2015). Mammalian myotubes are normally resistant to cell cycle re-entry and
progression but can be induced to re-enter the cell cycle following knockdown of pRb and
p19 (ARF) (Pajcini et al., 2010).

Together, these studies suggest that cells from

regenerating and non-regenerating vertebrates possess important differences in cellular
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surveillance that ultimately regulates proliferative ability, although this idea has not been
tested in closely related species who can and cannot regenerate.
Previous work from our group showed that a major difference between regeneration
or fibrotic repair in Mus and Acomys respectively was a lack of local cell proliferation in
Mus (Gawriluk et al., 2016a). This disparity in proliferation was accompanied by resident
Mus fibroblasts shuttling p21 and p27 to the nucleus, whereas during regeneration, p21 and
p27 were restricted proximal to the injury site. To extend these findings, we turned to
analyzing ear pinna fibroblasts from Mus and Acomys in vitro where we could pinpoint
intrinsic cellular mechanisms that could help explain our in vivo findings. Our comparative
analysis of fibroblasts from Acomys and Mus showed that Acomys fibroblasts exhibited
significantly greater proliferative ability and were highly resistant to stress-induced cellular
senescence mediated by H2O2, a prominent ROS found in regenerative and nonregenerative injury microenvironments (Niethammer et al., 2009a; Simkin et al., 2017b;
van der Vliet and Janssen‐Heininger, 2014; Yoo et al., 2012). Broadening our analysis to
include ear pinna fibroblasts from another regenerating (Oryctolagus) and nonregenerating (Rattus) mammal, we demonstrated that enhanced proliferative ability was
not explicitly restricted to regenerating species as Rattus fibroblasts proliferated well in
culture. However, when exposed to H2O2 and gamma radiation, Rattus and Mus fibroblasts
rapidly senesced with induced expression of γ-H2AX, SA-βgal, p21, p53, p16 and p19. In
contrast, Acomys and Oryctolagus fibroblasts were refractory to cellular senescence in
response to oxidative stress.

Gamma irradiation did, however, induce significantly

increased expression of senescent markers in the regenerating species, although few cells
exhibited p16 and p19. Thus, while proliferative capacity appeared to be species-specific,
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the cellular response to ROS was strictly regeneration-associated. Coupled with our in vivo
data showing an absence of these senescence-associated proteins in the blastema during
regeneration in Acomys (Gawriluk et al., 2016a), our in vitro data suggests local, injuryinduced ROS may activate local cells in both healing contexts, but that sustained ROS
induces senescence only in non-regenerating species. These results move beyond ROS as
an affecter of cell behavior during regeneration and instead implicate a species-specific
response to ROS as a key component for how local cells respond to injury.
Although poorly understood at a mechanistic level, ROS are required for tail
regeneration in larval Xenopus (Ferreira et al., 2018; Love et al., 2013b) and zebrafish
(Gauron et al., 2013a). Additionally, H2O2 produced in response to ventricular heart
resection is required for regeneration (Han et al., 2014b). H2O2 is generated immediately
upon injury over a 100-200µm margin from the amputation site (Han et al., 2014b;
Niethammer et al., 2009a) which covers the proximal zone from which blastemal cells are
generated (Hay and Fischman, 1961b; Mchedlishvili et al., 2007). While the early burst of
H2O2 is an important chemotactic signal for leukocytes, it also stimulates local cell
proliferation and selective inhibition of H2O2 production using diphenyleneiodonium (DPI)
inhibits blastemal or myocardial cell proliferation (Han et al., 2014b; Yoo et al., 2012).
That early exposure to H2O2 mediates a proliferative response which occurs days later
suggests that ROS signals may play an early and pivotal role in activating progenitor cells.
Indeed, recent work showed that hydrogen peroxide and superoxide are generated locally
during regeneration and fibrotic repair in Acomys and Mus respectively (Simkin et al.,
2017b).

Moreover, prolonged superoxide production from NADPH-oxidase was

significantly higher during regeneration compared to fibrotic repair, and this exposure may
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serve to facilitate cell proliferation after the first wave of acute inflammation subsides
(Simkin et al., 2017b). The influx of inflammatory cells and concomitant release of ROS
into the injury microenvironment are shared components of the wound healing phase of
regeneration and fibrotic repair, a phase that is more similar than different between healing
modalities. Our results suggest that cellular sensitivity to extracellular stressors, rather
than the comparative magnitude of the inflammatory response, drives regeneration or
scarring. Furthermore, our data suggests that the early ROS burst associated with acute
inflammation may set local cells along two different response pathways through the
differential effect of ROS on cellular homeostasis.
Mitochondrial stability is integral to cellular homeostasis and disruption of
mitochondrial function has been shown to contribute to disease pathogenesis (Gomes et
al., 2013; Hara et al., 2013). Although mitochondrial integrity has rarely been examined
in the context of tissue regeneration (Guerrieri et al., 1999), it seems reasonable to consider
that mitochondria might represent an important cellular sensor to exogeneous stressors in
the injury microenvironment. In an attempt to determine how ROS-stress induced cellular
senescence in fibroblasts, we examined mitochondrial function across species at baseline
and in response to exogenous ROS. Our data revealed a direct correlation between the
stress-induced senescent phenotype in cells from non-regenerating species and
mitochondrial response. This included a significant decline in basal respiration, ATP
production from oxidative phosphorylation, maximal respiration rate and spare capacity in
response to hydrogen peroxide exposure. Surprisingly, mitochondria from regenerating
species exhibited no signs of mitochondrial dysfunction despite elevated levels of
intracellular H2O2.
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Our data provide support for two mechanisms limiting stress-induced senescence via
mitochondrial breakdown. First, our finding that hydrogen peroxide exposure significantly
increased glutathione peroxidase activity in fibroblasts from regenerating species
(compared to non-regenerating species) shows that antioxidant scavengers can be
mobilized to limit acute stress.

Importantly, our experiments using NAC to boost

glutathione levels and increase GPx activity in fibroblasts from Mus and Rattus showed
that ROS-induced cellular senescence could be prevented by mimicking a mechanism
deployed by fibroblasts from regenerating mammals. This demonstrates that altering
antioxidant scavenging can enhance cytoprotective mechanisms that are in place during
regeneration and these holds promise for altering healing outcomes in non-regenerating
mammals. These findings also open the door to future experiments aimed at determining
the kinetics of GSH metabolism/glutathione stores in regenerating versus non-regenerating
mammals. Second, we observed lower baseline OCR in regenerating species suggesting
that mitochondria from regenerating species may be less reliant on ATP production from
oxidative phosphorylation which in turn could increase the resistance threshold for
mitochondria in response to stress or damage. Together, our results demonstrate that
increased intracellular H2O2 overwhelms compensatory mechanisms that protect
regenerating species, and that subsequent mitochondrial disruption triggers cellular
senescence. Importantly, our results raise the possibility that H2O2 or other early ROS
signals may work synergistically with other signaling molecules to activate and facilitate
cell cycle progression in regenerating species. While extrapolating in vitro results to the
dynamic would environment is not without its caveats, our in vivo and in vitro data
implicate the cellular response to ROS as a key component of regenerative healing.
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CHAPTER 4. INJURY-INDUCED ROS BURST IS NECESSARY FOR COMPLEX
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4.1

Abstract
One consequence of tissue injury is a local increase in extracellular and intracellular

reactive oxygen species (ROS). While high levels of ROS can be detrimental to cellular
homeostasis, at below-threshold levels, ROS molecules can act as important regulators of
cell differentiation, proliferation, cell cycle arrest and apoptosis. Although ROS signaling
is important for proper wound healing, it remains unclear if it has a specific role during
complex tissue regeneration. Using a comparative healing system where complex tissue
injuries heal via fibrotic repair in mice (Mus) or regenerate functional tissue in spiny mice
(Acomys), we assessed how ROS signaling regulated the cellular response to injury.
Examining the injury microenvironment, we found that cells preferentially activated a
senescent phenotype during fibrotic repair whereas during tissue regeneration we observed
cell proliferation and a relatively small population of senescent cells. Rapid recycling of
GSH/GSSG allowed glutathione peroxidase (GPx) to mitigate cellular ROS exposure in
spiny mice, while slower activation of GPx led to higher and longer ROS exposure during
fibrotic repair.

Inhibiting local ROS levels delayed the wound healing phase of

regeneration in spiny mice whereas boosting glutathione levels and GPx activity increased
cell proliferation and enhanced healing in Mus. Lastly, we found that ROS mediated
activation of p38 MAPK was present during tissue injury in Mus and Acomys but due to
higher level of ROS and p-p38 in Mus, it triggered the cell cycle arrest and apoptosis in
them whereas the presence of physiological level of ROS and p-p38, it activated the cell
proliferation in Acomys. Further, modulating the ROS levels through NAC treatment
helped to switch the phenotypes in Mus. Thus, our data suggested that initial ROS burst
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act as a signaling center to help in regeneration in Acomys whereas the imbalanced ROS
burst leads to scarring in Mus.

4.2

Introduction
Injury/stress response differs in different organism because the ability of the local

cells to fight against the particular stress varies in them.

This leads to complete

regeneration of the lost tissue in some animal whereas others can form scar tissue in
response to the similar injury. The epimorphic type of regeneration is characterized by the
formation of a heterogeneous mass of lineage-restricted progenitor cells known as blastema
(Hay and Fischman, 1961a). These blastemal cells re-enter the cell cycle and proliferate
to form new tissue (Santos‐Ruiz et al., 2002; Tanaka et al., 1997a).

This type of

regenerative process is rarely observed in mammals. However, spiny mice (Acomys)
demonstrated blastema formation and cell proliferation during regeneration whereas
resident cells in Mus undergo limited cell proliferation and exhibit a pro-fibrotic phenotype
(Gawriluk et al., 2016b; Seifert et al., 2012b).

Although the degree to which cell

autonomous and cell non-autonomous mechanisms regulate the differential healing
response remains poorly understood, our group has demonstrated evidence for both
mechanisms.

Specifically, this injury disturbs cellular homeostasis impacting cell

proliferation and reactive oxygen species (ROS) generation.
ROS are generally produced during normal mitochondrial respiration and by various
redox enzymes such as NADPH oxidase (NOXs), xanthine oxidoreductase, and
myeloperoxidase.

These ROS molecules will be decomposed through antioxidant

scavenger system to maintain homeostasis (He et al., 2017). The most common type of
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ROS molecules is superoxide (•O2-) and hydrogen peroxide (H2O2) which can be further
reduced to other damaging molecules such as hydroxyl radical. H2O2 has relatively longer
half-life than other free radicals and it can easily cross the membranes. These ROS
molecules are well known for their negative impact on cellular homeostasis, but newer
studies have showed that ROS molecules, especially H2O2, can act as a signaling center for
various processes, such as cell growth, apoptosis, cellular senescence, cell proliferation and
immune responses (Schieber and Chandel, 2014). Although it has been shown that ROS
play an important role during vertebrate regeneration, the mechanism is poorly understood.
For example, it was shown that early and continuous ROS generated from NADH oxidase
(NOX) is required during zebrafish caudal fin regeneration and sustained H2O2 production
is required for tail regeneration in Xenopus (Gauron et al., 2013b; Love et al., 2013a).
Similarly, in our model system ROS production was high due to higher NADPH-oxidase
activity in Acomys till D10 whereas myeloperoxidase activity was higher during Mus
scarring (Simkin et al., 2017a). The local cells respond to injury induced oxidative stress
by somehow maintaining the balance between the survival of healthy cells and death of
damaged cells. This might be controlled through regulating the concentrations of nutrients,
growth factors, cytokines and cell cycle regulators/inhibitors.
During stress, cells will activate pathways for survival as well as it also initiates the
programmed cell death which is required to eliminate the damaged cells. This will help
the cells to defend against the particular stress condition but if the stress condition is
inevitable then the cell triggers the death signaling pathway. The animals have the pool of
antioxidant as well as stress sensing proteins such as heat shock proteins against different
types of stress or injury which maintains cell homeostasis. In response to stress, heat shock
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proteins (Hsps) will be activated which blocks apoptosis and promote cell survival. The
two Hsps, Hsp27 and Hsp70 are expressed at low level but these proteins were activated
in response to stress to help in cell survival either through blocking of apoptotic proteins
or else activate the pool of GSH or AKT activity (Mearow et al., 2002; Samali and Cotter,
1996). On the other hand, the initial ROS burst especially H2O2 will be able to release
cytochrome c from mitochondria into the cytosol which eventually leads to programmed
cell death (Stridh et al., 1998). The programmed cell death will be activated through
different caspases which are the hallmark of apoptosis. The cleavage of Caspase 9, the
initiator caspase, leads to activation of effector caspases such as caspase -3 or -7 and
eventually triggers the apoptosis process (Fujita et al., 2001; McComb et al., 2019). Injury
produced ROS also activates the stress sensing subfamilies of mitogen-activated protein
kinases (MAPKs): ERK1/2, ERK5, JNKs and p38s. The p38 mitogen-activated protein
kinase (MAPK) family includes p38α, p38β, p38δ and p38γ isoforms in which the role of
p38α was well studied during stress and inflammatory response (Deacon et al., 2003;
Phong et al., 2010). Inflammatory cytokines released by immune cells will be able to bind
to cell surface receptors which further activates different kinases and regulatory factors.
The specific phosphorylation of MKKKs and MKKs will finally trigger the activation of
p38 MAPK isoforms. Due to oxidative stress, the p38 protein phosphorylates (p-p38) and
translocate to nucleus. This nuclear p-p38 can activate downstream targets such as p53,
p21 that eventually control cell proliferation/arrest, cell differentiation, cell survival and
apoptosis (Kim and Choi, 2010).

It was already shown that p38 will be able to

phosphorylate the cell cycle regulator, p53 at different sites and due to this, MDM2 which
degrades p53 will not act on it. This will accumulate the stable p53 which can alone or
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with the help of p21 blocks cell proliferation and induce apoptosis (Thornton and Rincon,
2009).
Whether or not ROS generation is functionally required for regeneration has been
demonstrated in two different vertebrate regeneration models, zebrafish and Xenopus.
However, it remains unknown whether this type of ROS generation is required for
regeneration in Acomys and if so, how this signaling regulates the regeneration response.
In this study, we extended previous in vitro work to test how cell behavior may or may not
be different during regeneration in Acomys compared to scarring in Mus. In this study we
showed that proliferation was high after injury in Acomys whereas cellular senescence was
activated in Mus. Acomys also showed higher GPx activity and high glutathione pool than
post injury in Mus. The injury induced initial ROS burst was required for regeneration in
Acomys because we found fewer proliferating cells and delayed ear hole closure rate after
its inhibition from DPI or Apocynin. We also boosted the antioxidant pool for Mus by
injecting NAC in them which results in increased proliferation but with limited capacity.
Lastly, we found that p38 pathway is activated in both the animals, but higher number of
senescent and apoptotic cells found post injury in Mus compared to Acomys. Our data
suggested that ROS acted as a signaling center and provide positive effects during Acomys
regeneration, but it negatively impacted Mus which leads to scarring in these animals.
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4.3

Results
4.3.1

Very few senescent cells are present during regenerative healing in
spiny mice

Recent in vitro work using primary ear pinna fibroblasts from regenerating (spiny
mice and rabbits) and non-regenerating (lab mice and rats) mammals showed that
sustained exposure to H2O2 reduced proliferation and activated cellular senescent
pathways in fibroblasts from non-regenerating species (Saxena et al., 2019). In contrast,
Acomys and rabbit cells were highly resistant to oxidative stress and maintained cellular
homeostasis through normal mitochondrial function and higher antioxidant activity. We
sought to test the functional significance of these in vitro observations using our 4mm ear
punch assay. First, we completely excised full thickness tissue through the ear pinna in
Acomys and Mus. These injuries will normally heal via fibrotic repair or regeneration
(Figure 4.1a). In the former, an open hole sealed with scar tissue remains in mice, while
in Acomys, the hole is closed through regenerative healing (Figure 4.1a). We harvested
healing tissue at D10 or D20 which was stained to assess cells undergoing DNA synthesis
(EdU+), and those expressing a senescent phenotype using the DNA damage marker γH2AX+ and the tumor suppressor p21 (Figure 4.1b-g). By and large, regenerating tissue
in Acomys (D10-20) exhibited a large population of proliferating cells with very few
senescent cells detected (p21+) (Figure 4.1c-e). In contrast, while we detected a small
population of proliferating cells at D10 in Mus, this population was significantly decreased
at D20 (t = 2.52, P = 0.0269*) (Figure 4.1c-e). Moreover, γ-H2AX+ cells and p21+ cell
numbers significantly increased between D10-20 in Mus (γ-H2AX: t = 4.17, P = 0.0003*,
p21: t = 3.32, P = 0.0062*). Similar trends were observed just proximal to the injury site
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in both species (Figure 4.2).

Together, these data support that tissue undergoing

regenerative healing contains a substantial population of proliferating cells and a very
small population of senescent cells. In contrast, tissue undergoing fibrotic repair exhibits
high numbers of senescing cells and relatively few proliferating cells.
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Figure 4.1 Local cells during fibrotic repair exhibit a bias towards senescence.
(a) Representative images of ear hole punched assay at D1 and D85. The image showed
that at D85, the Acomys ear hole was completely closed whereas the ear hole was still open
in Mus. The Acomys ear hole was completely regenerated whereas the similar injury healed
through scarring in Mus. (b) The tissue section showed the point of injury and healed area.
The cells were counted from the boxed area which were distal to injury site. (c) IHC was
performed on healed ear tissue sections (D10 and D20) for EdU, g-H2ax and p21. The
percentage of proliferating cells (EdU+) was significantly decreased in Mus at D20
compared to D10 at distal to injury sites (t = 2.52, P = 0.0269*) whereas it was unchanged
in regenerating Acomys (t = 0.38, P = 0.7102). (d, e) However, the percentage of senescent
cells was significantly increased in Mus while non-significant change found in Acomys at
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D20 at distal to injury site for γ-H2AX (ANOVA, F = 46.6595, P < 0.0001*) and p21
(ANOVA, F = 51.0128, P < 0.0001*). (f, g) Representative images for γ-H2AX+EdU (f)
and p21+EdU (g) positive cells for Mus and Acomys at D10 and D20 near distal sites of
injury. The white arrow represents EdU+ cells, yellow arrow marks γ-H2AX+ cells and
green arrow shows p21+ cells. Scale bars = 20 μm. ***P < 0.0001, **P < 0.001 and *P <
0.05. Error bars = S.E.M.
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Figure 4.2 Proximal site of injury signal showed higher proliferating cells in Acomys
compared to senescent cells in Mus.
IHC was performed on healed ear tissue sections (D10 and D20) for EdU, g-h2ax and p21
(n=4). (a) The percentage of proliferating cells (EdU+) was significantly decreased in Mus
at D20 compared to D10 at proximal to injury sites (ANOVA, t = 3.34, P = 0.0058*)
whereas it was unchanged in regenerating Acomys (ANOVA, t = 0.00, P = 0.9979). (b, c)
However, the percentage of senescent cells was significantly increased in Mus while nonsignificant change found in Acomys at D20 at proximal to injury site for γ-H2AX (Mus:
ANOVA, t = 5.57, P = 0.0001*, Acomys: ANOVA, t = 0.74, P = 0.4749*) and p21 (Mus:
ANOVA, t = 4.62, P = 0.0006*, Acomys: ANOVA, t = 0.73, P = 0.4786). (d, e)
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Representative images for γ-H2AX + EdU (d) and p21 (e) positive cells for Mus and
Acomys at D10 and D20 near proximal and distal sites of injury. The white arrow
represents EdU+ cells, yellow arrow marks γ-H2AX+ and green arrow shows p21+ cells.
Scale bars = 50 μm. ***P < 0.0001, **P < 0.001 and *P < 0.05. Error bars = S.E.M.

4.3.2

Spiny mice rapidly increase glutathione activity in response to injury

ROS production and decomposition is balanced during homeostasis via antioxidant
activity which can be mobilized to limit intracellular ROS exposure following injury. The
master antioxidant glutathione (GSH) uses glutathione peroxidase (GPx) to reduce excess
ROS (e.g., H2O2) and in turn produces excess glutathione disulfide (GSSG) (Forman et al.,
2009) (Figure 2a). Excess GSSG is in turn recycled via oxidized by NADPH and
glutathione reductase to restore GSH. The ratio of GSH/GSSG is an indicator of oxidative
stress because increased ROS leads to the accumulation of GSSG and a decrease in the free
GSH pool; as oxidative stress increases, the ratio of GSH/GSSG decreases (Cheng et al.,
2017; Jones, 2002; Romagnoli et al., 2013; Sentellas et al., 2014). Given that we observed
relatively few senescent cells in regenerating tissue, we hypothesized that faster ROS
decomposition via GPx activity might buffer local cells from oxidative stress. We assayed
lysates from uninjured (D0) and healing tissue between Mus and Acomys for GPx activity,
GSH and GSSG levels (Figure 4.3b-e). Acomys rapidly and significantly increased GPx
activity 24 hrs post injury (t = 5.91, P < 0.0001*) (Figure 4.3b). Additionally, GPx activity
remained significantly elevated in Acomys five days post injury (t = 4.38, P =0.0003*). In
Mus tissue, however, we did not observe a significant increase in GPx activity until five
days post injury (t = 5.27, P = 0.0001*) (Figure 4.3b). Next, we measured GSH and GSSG
levels at baseline in uninjured tissue and from tissue harvested 24hrs post injury. In
response to injury, GSH levels significantly declined in Mus (t = 7.69, P = 0.0003*)
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whereas there was no significant decline in Acomys (t = 1.60, P = 0.4293) (Figure 4.3c).
Given the increased GPx activity we observed at 24hrs in Acomys, we predicted increased
levels of GSSG. Instead, we found that GSSG was significantly decreased in Acomys (t =
8.70, P = 0.0001*), whereas we observed no significant changes in Mus (t = 0.25, P =
0.9937) (Figure 4.3d). Calculating the GSH/GSSG ratio, we found it was significantly
decreased in Mus (t = 3.95, P = 0.0178*) while it was significantly elevated 24hrs post
injury in Acomys (t = 9.28, P < 0.0001*) (Figure 4.3e). Together, these data support that
Acomys have a highly efficient antioxidant system capable of rapidly buffering intracellular
ROS exposure via GPx reduction followed by rapid recycling of GSSG to restore baseline
GSH levels.
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Figure 4.3 Spiny mice rapidly increase GPx activity in response to injury and quicky
recycle GSSG to maintain GSH stores.
(a) The figure showed the glutathione oxidation reduction (Redox) cycle where 2
molecules of reduced Glutathione (GSH) converted to Glutathione disulfide (GSSG) which
is an oxidized form of glutathione. The GPx enzyme utilize 2GSH molecules to reduce the
H2O2 to H2O and produce GSSG. This GSSG is reduced to GSH through GR which
consumes NADPH during the reaction. (b-c) GPx activity assay was performed on the
protein lysates from different tissue healing time points of Mus and Acomys (Two-way
ANOVA, F = 9.8125, P < 0.0001*). (b) GPx activity was significantly increased 24hrs
post injury in Acomys (t = 5.91, P < 0.0001*) and remained significantly elevated at D5 (t
= 4.38, P =0.0003*) compared to uninjured tissue (D0). GPx activity was not significantly
elevated until five days post injury in Mus (t = 5.27, P = 0.0001*). (c-d) Glutathione (GSH)
and glutathione disulfide (GSSG) levels were quantified from protein lysates at D0 and D1
from Acomys and Mus. (c) GSH was significantly decreased in Mus (t = 7.69, P = 0.0003*)
post injury whereas there was no decline in Acomys (t = 1.60, P = 0.0001*) at D1. (d)
GSSG levels significantly decreased in Acomys 24hrs post injury (t = 8.70, P = 0.4293)
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while no significant changes were found in Mus (t = 0.25, P = 0.9937). (d) The ratio of
GSH/GSSG which is an indicator of oxidative stress was significantly decreased in Mus (t
= 3.95, P = 0.0178*) and significantly increased in Acomys (t = 9.28, P <0.0001*). ***P
< 0.0001, **P < 0.001 and *P < 0.05. Error bars = S.E.M.

4.3.3

Pharmacological

inhibition

of

ROS

production

inhibits

cell

proliferation and significantly delays Acomys ear pinna regeneration
A tradeoff between cell proliferation and senescence coupled with mechanisms to
limit oxidative stress implicates ROS levels as an important regulator of cell behavior and
previous studies in zebrafish, Xenopus and planaria have documented that early ROS
signaling is required for regeneration to advance (Gauron et al., 2013b; Li et al., 2016;
Love et al., 2013a; Pirotte et al., 2015). One consistent finding from inhibiting ROS
signaling after injury is that it is required for cell proliferation, a necessary feature of
vertebrate regeneration. Thus, we next explored the functional consequence of modulating
ROS signaling during regenerative healing in Acomys.

We previously showed that

NADPH-oxidase (NOX) activity is significantly elevated during the first seven days of
regeneration and this activity serves to increase intracellular superoxide levels that are
converted to hydrogen peroxide (Simkin et al., 2017a). To inhibit this ROS production,
we turned to two potent NOX inhibitors, diphenyleneiodonium chloride (DPI) and
apocynin that have been shown to effectively inhibit NADPH-oxidase activity in vivo
(Brandes, 2003; Choi et al., 2015; Zhu et al., 2017). We titrated the dose of DPI and found
that 0.3mg/kg was the optimal dose for our long-term regeneration assay (see Methods).
To effectively inhibit ROS, animals were injected with 0.3mg/kg DPI or DMSO (as
control) every other day beginning 24hrs prior to punch through D10. To monitor NADPHoxidase activity in healing tissue, we injected lucigenin and measured bioluminescence
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intensity through D10 (Figure 4.4a).

We observed a significant decrease in

bioluminescence intensity among DPI injected animals after 24hrs (Two-way ANOVA, t
= 5.60, P < 0.0001*) and NADPH-oxidase activity remained significantly depressed until
D7 (Two-way ANOVA, t = 3.06, P < 0.0028*) (Figure 4.4a-b). Similar results were
obtained for apocynin (Figure 4.5a-c). Although we were not able to completely inhibit
NADPH-oxidase activity because the oxidative burst from NADPH-oxidase was required
for phagocytic activity of macrophages and neutrophils (Franchini et al., 2013; Panday et
al., 2015). However, it was shown that 66.17 % inhibition of ROS production post
apocynin treatment had a high therapeutic potential in multiple sclerosis pathogenesis
(Choi et al., 2015).
Next, we asked if limiting ROS production impacted cell proliferation during ear
pinna regeneration. We assessed proliferation using EdU on D10 at the end of the drug
treatment period and observed a significant reduction in the proliferative population
(ANOVA, F = 30.5731, P < 0.0015*) (Figure 4.4b). In fact, the number of EdU+ cells in
healing tissue were lower than what we would normally observe during injuries in Mus
(Figure 4.4b and Figure 4.1b). To assess how depressed ROS levels and reduced cell
proliferation affected regeneration we administered DPI through D10 and assessed ear hole
closure until D85 (Figure 4.4d-e). Ear hole closure area in DPI injected animals was
significantly reduced compared to DMSO (control) (Two-way ANOVA, F = 231.5340, P
< 0.0001*) (Figure 4.4d, e). The ear hole was closed ~60% at D25 in control animals
whereas it was closed only ~25% in DPI treated animals (Figure 4.4d, e). At D50, 1/4
animals and at D60, 4/4 control animals have closed their ear hole while at D70, 1/4 DPI
injected animals closed its ear hole and at D85, 4/4 animals closed it (Figure 4.4d, e).
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Hence, DPI injected animals were delayed by ~20-25 days to close their ear hole compared
to control animals. Together, our findings show that early ROS production is required to
activate local cell proliferation and that pharmacologically inhibiting ROS signaling
significantly delays regeneration. However, limiting ROS production does not inhibit ear
pinna regeneration in Acomys.
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Figure 4.4 Initial ROS burst is important for Acomys regeneration.
Acomys were injected with 0.3mg/kg DPI or DMSO (as control) followed by lucigenin
injections to measure ROS produced from NAPDH oxidase. (a) Representative ear hole
images of Acomys that showed the radiance emitted from lucigenin in the DPI or DMSO
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injected animals. The scale bar represents the color scale based on the intensity of
bioluminescence. (b) The ROS production was significantly decreased in DPI injected
animals compared to DMSO injected animals (Two-way ANOVA, F = 39.5070, P <
0.0001*). (c) The %EdU+ cells were significantly decreased at distal (ANOVA, F =
30.5731, P = 0.0015*) to injury site at D10 after 0.3mg/kg DPI treatment compared to
DMSO controls. However, the senescent marker, p21 was not shown any significant
changes after the treatment at distal (ANOVA, F = 0.1036, P = 0.7584) sites of injury. (d)
The ear hole area was measured for 0.3mg/kg DPI or DMSO injected animals.
Representative images of ear hole area of 0.3mg/kg DPI or DMSO injected animals. (e)
The ear hole area was significantly higher in 0.3mg/kg DPI injected animals compared to
DMSO injected animals (Two-way ANOVA, F = 231.5340, P < 0.0001*). Scale bars =
50 μm. ***P < 0.0001, **P < 0.001 and *P < 0.05. Error bars = S.E.M.
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Figure 4.5 Injury induced ROS burst was critical for regeneration in Acomys.
ROS production from NOX was inhibited by apocynin injection at dose of 20mg/kg or 50
mg/kg or DMSO (as control) in Acomys followed by lucigenin injections to measure
produced ROS. (a) The ROS production was significantly decreased in apocynin injected
animals compared to control animals (Two-way ANOVA, F = 16.4496, P < 0.0001*). (b)
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The percent proliferating cells marked with EdU were significantly decreased at distal
(ANOVA, F = 240.7556, P = 0.0015*) to injury site at D10 after 20mg/kg or 50mg/kg
apocynin treatment compared to DMSO controls (n=5). However, the senescent marker,
p21 was not shown any significant changes after the treatment at distal (ANOVA, F =
0.1083, P = 0.8985) sites of injury. (c) The ear hole area for 20mg/kg or 50mg/kg apocynin
or DMSO injected Acomys was measured. The ear hole area was significantly higher in
20mg/kg or 50mg/kg apocynin injected animals compared to DMSO injected animals
(Two-way ANOVA, F = 3090.831, P < 0.0001*). Scale bars = 50 μm. ***P < 0.0001, **P
< 0.001 and *P < 0.05. Error bars = S.E.M.
4.3.4

Boosting antioxidant pool through NAC partially helps Mus to induce
cell proliferation

Although our data showed that a threshold level of ROS signaling is required to
maintain an appropriately sized pool of proliferating cells during regeneration, we
wondered if too much oxidative stress skewed cells in Mus towards senescence. Because
GPx activity was not significantly elevated until five days post injury during fibrotic repair,
we sought to pharmacologically increase H2O2 decomposition via increased GPx activity
in Mus. N-acetyl cysteine (NAC) is as glutathione precursor that when administered in vivo
boosts the cellular glutathione pool which in turn increases GPx activity (Cao et al., 2012;
Otte et al., 2011).

For example, intraperitoneal (i.p.) injections of 150mg/kg NAC

administered daily for four weeks in EAAT3 null mice rescues animals from cognitive
impairment by reducing oxidative stress (Cao et al., 2012). Injecting Mus with NAC
(150mg/kg) for 72hrs produced a significant, albeit modest increase in ear hole closure by
D30 (Two-way ANOVA, F = 125.0545, P < 0.0001*) that was coupled with an increase
in cell proliferation and a decrease in cellular senescence (Supplementary Figure 4.6a-b).
To reduce ROS production over the longer 10 days window during the inflammatory phase
of healing, we reduced NAC to 100mg/kg administered every other day including D10
(Figure 4.7a). In these experiments, we again saw a significant decrease in ear hole area
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compared to water injected ones with closure rates plateauing around D35 (Two-way
ANOVA, F = 349.1682, P < 0.0001*) (Figure 4.7a). The total effect was a 42.5+/-1.08%
decrease in ear hole diameter at D45 (Figure 4.7a). When we examined D10 tissue we
found that the number of EdU+ cells for had nearly quadrupled compared to control
animals (ANOVA, F = 286.7479, P < 0.0001*) (Figure 4.7b). In contrast, the percent of
g-h2ax+ and p21+ had significantly fallen by more than 75% (g-h2ax: ANOVA, F =
232.9918, P < 0.0001*; p21: ANOVA, F = 416.2861, P < 0.0001*) (Figure 4.7c, d). This
data supports that cells experiencing high levels of oxidative stress are induced to senesce
and that by reducing ROS exposure cells can preferentially enter the cell cycle.
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Figure 4.6 NAC might help Mus to protect against produced ROS by increasing
proliferation after injury.
NAC protect the cells by scavenging the produced ROS after injury. (a) We injected Mus
with water (as control) or 150mg/kg NAC till 72hrs and measured their ear hole area (n=5).
The ear hole closure rate was calculated, and it was significantly higher in NAC treated
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animals compared to control animals (Two-way ANOVA, F = 141.5267, P < 0.0001*).
(b) The percent+ EdU cells were significantly increased after the NAC treatment at D10
near distal (ANOVA, t = 40.5309, P = 0.0007*) part of injury. However, the DNA damage
marked cells, g-h2ax+ cells were significantly decreased at distal (ANOVA, t = 17.8192,
P = 0.0056*) site of injury. Similarly, the senescent cells, p21+ cells were significantly
decreased as well at distal (ANOVA, t = 29.9667, P = 0.0016*) area of injury. ***P <
0.0001, **P < 0.001 and *P < 0.05. Error bars = S.E.M.
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Figure 4.7 Reduced oxidative stress through NAC enhances cell proliferation during
scarring in Mus.
NAC protect the cells by scavenging the produced ROS after injury. (a) We injected Mus
with water (as control) or 100mg/kg NAC till Day 8 and measured their ear hole area. The
ear hole closure rate was calculated, and it was significantly higher in NAC treated animals
compared to control animals (Two-way ANOVA, F = 141.5267, P < 0.0001*). (b) The
percent+ EdU cells were significantly increased after the NAC treatment at D10 near distal
(One-way ANOVA, F = 286.7479, P < 0.0001*) part of injury. (c) However, the DNA
damage marked cells, g-h2ax+ cells were significantly decreased at distal (One-way
ANOVA, F = 232.9918, P < 0.0001*) site of injury. (d) Similarly, the senescent cells,
p21+ cells were significantly decreased as well at distal (One-way ANOVA, F = 416.2861,
P < 0.0001*) area of injury. Scale bars = 50 μm. ***P < 0.0001, **P < 0.001 and *P <
0.05. Error bars = S.E.M.

4.3.5

Activated p38 pathway through oxidative stress leads to enhance
senescent phenotype in non-regenerating fibroblasts

It is well known that low ROS levels are associated with normal homeostasis
whereas higher ROS levels are found in pathological conditions. In spite of all the
necessary tools, it was experimentally impossible to measure ROS production in real time
as it is a highly dynamic process. ROS production was detected indirectly through stress
sensing pathways such as p38 MAPK which enhance the p38 levels as ROS levels elevated
(Cheng et al., 2012). However, the differential impact of varied ROS levels on p38
activation and its specific biological response is still unknown (Canovas and Nebreda,
2021). Our previous study showed that Acomys fibroblasts were resistant to oxidative
stress due to higher antioxidant activity whereas in response to sustained H2O2 exposure, a
senescent phenotype was activated in Mus cells (Saxena et al., 2019). Thus, we next tested
how this oxidative stress might affect the p38 pathway in both species. The irradiation
experiment showed that antibody worked across the species (Figure 4.9). Using our
primary ear pinna fibroblast culture system, we found that the percentage of cells positive
107

for p38 was significantly increased after 300µM H2O2 treatment in Mus (t = 26.24, P <
0.0001*) and Acomys (t = 5.90, P = 0.0004*) (Figure 4.8b, c, d). However, the relative
level of p38 was much low in Acomys (Figure 4.8b, c, d). In addition, significantly more
cells were positive for p38 and its downstream target p21 in Mus only (t = 26.64, P <
0.0001*) and we found no change in the number of Acomys cells positive for these
molecules post H2O2 treatment (t = 0.52, P = 0.9526) (Figure 4.8b, c, d). These data
suggest that the p38 acts as a stress sensing pathway to stress in both species, but it
somehow translates a negative effect by activating senescence only in Mus.
Next, we tested whether translocated nuclear p-p38 also activated its downstream
targets, p21 after H2O2 treatment. Similar to the p38 staining, the percent+ cells for p-p38
were significantly high in Mus (t = 23.21, P < 0.0001*) and Acomys (t = 3.36, P = 0.0251*)
but the levels of p-p38+ cells were low in Acomys after H2O2 treatment (Figure 4.8e, f, g).
However, the cells+ for both p-p38 and p21 was significantly high in Mus (t = 23.80, P <
0.0001*) compared to Acomys (t = 0.53, P =0.9547) post H2O2 exposure (Figure 4.8e, f,
g). Next, we performed western blots to check the protein levels post H2O2 treatment or
radiation exposure. The total protein level of p21 (Two-way ANOVA, F = 257.7605, P <
0.0001*) and p38 (Two-way ANOVA, F = 97.5667, P < 0.0001*) were significantly high
in the protein lysates from Acomys and Mus after H2O2 treatment (Figure 4.8g, h).
However, the significant increase of total protein level of p-p38 was significantly increased
only in Mus (t = 7.23, P < 0.0001*) whereas no significant changes found in Acomys (t =
2.25, P =0.1638) after H2O2 exposure (Figure 4.8h, i). This data suggests that as Acomys
cells were exposed with low level of ROS, the induction of p-p38 was also at low and hence
it does not affect negatively. However, as cells from non-regenerators had sustained
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exposure of ROS for long time that triggers higher level of p-p38 and hence, it activates
senescent phenotype in Mus cells. Thus, stress sensing pathway is activated in cells from
both the species, but senescent pathway was only activated in Mus compared to stress
resistant Acomys cells.
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Figure 4.8 p38 signaling is activated in fibroblasts from both species but it leads to
increased senescence only in Mus compared to Acomys.
(a) The image represented our model which showed that the different levels of ROS
activate p38 differentially which eventually leads to different outcomes. It showed that the
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Mus cells post H2O2 treatment were exposed with higher amount of ROS which leads to
elevate the level of p38 MAPK pretty high. This increased level of activated p-p38 leads
to trigger senescent phenotype in Mus cells. However, due to low level of ROS, the level
of activation of p38 was also low and hence, there was no significant impact on Acomys
cells post H2O2 treatment. (b, c) Representative images of control and H2O2 treated
fibroblasts from Mus (b) and Acomys (c) labelled with p21 and p38 markers in culture. The
yellow arrow represents p21+ cells, white arrow marked p38+ cells and the co-labelling of
cells with p21 and p38 staining was marked with green arrow. (d) The percent+ cells for
only p38 were significantly increased in Mus (t = 26.24, P <0.0001*) and Acomys (t = 5.90,
P = 0.0004*) after H2O2 treatment. The cells co-labelled with p21 and p38 marker was
significantly increased in Mus (t = 26.64, P <0.0001*) after H2O2 treatment whereas no
significant changes found in Acomys fibroblasts (t = 0.52, P = 0.9526) cells in culture. (e,
f) Representative images of p21 and p-p38 cells in control and H2O2 treated fibroblasts
from Mus and Acomys. The yellow arrow represents p21+ cells, white arrow marked pp38+ cells whereas the co-labelled cells with p21 and p38 staining was marked with green
arrow. (g) The only p-p38+ cells were significantly increased in Mus and Acomys post
H2O2 treatment (Two-way ANOVA, F = 639.3298, P < 0.0001*). However, the percent+
cells for co-labelled p-p38 and p21 marker was significantly increased in Mus (t = 23.80,
P < 0.0001*) while no effect found in Acomys (t = 0.53, P = 0.9507) after H2O2 treatment.
(h) Representative western blots images of p21, p38, p-p38 and actin performed on the
protein lysates prepared from control and H2O2 treated fibroblasts from Mus and Acomys.
(i) The protein band area was calculated through Image J for all the proteins and normalized
with actin. The normalized p21 (Two-way ANOVA, F = 257.7605, P < 0.0001*) and p38
(Two-way ANOVA, F = 97.5667, P < 0.0001*) protein was significantly increased in Mus
and Acomys after H2O2 treatment, but the activation levels of proteins were high in Mus
compared to Acomys. However, the normalized protein level of p-p38 was significantly
high in Mus (t = 7.24, P < 0.0001*) whereas no effect found in Acomys (t = 2.25, P =
0.1638) post H2O2 treatment. Scale bars = 20 μm. ***P < 0.0001, **P < 0.001 and *P <
0.05. Error bars = S.E.M.
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Figure 4.9 Increased ROS activates senescent pathway in Mus via p38 after injury.
(a) Representative images of western blots performed for 0Gy, 5Gy and 30Gy irradiated
protein lysates samples from Acomys and Mus. (a, b) The normalized protein level of p21
was significantly increased in both the species (Two-way ANOVA, F = 153.6028, P <
0.0001*) post radiation exposure. (a, c, d) The low dose of radiation (5Gy) for Acomys
did not showed significant changes for p38 (c) (t = 1.64, P = 0.5833) and p-p38 (d) (t =
1.17, P = 0.8468) protein. However, the Mus had showed significantly increased protein
level for p38 (c) (t = 6.74, P < 0.0001*) and p-p38 (d) (t = 4.80, P = 0.0017*) at low dose
as well. Scale bars = 20 μm. ***P < 0.0001, **P < 0.001 and *P < 0.05. Error bars =
S.E.M.

4.3.6

p38 activation induces cellular senescence during tissue injury in Mus

Due to the differential response of Acomys and Mus fibroblasts towards the
activated p38 MAPK that might reiterate the stress resistant capacity of Acomys cells in
culture. However, the complex tissue environment activates different types of cells which
can sense the ear pinna injury and initiate different cascade in Acomys and Mus. The
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different outcomes of injury induced by an oxidative burst in Acomys and Mus might
indicate that the mechanism with which p38 mediates stress operates differently between
species. Thus, we next tested whether the ear pinna injury-induced oxidative stress
differentially activated the p38 pathway and senescence during scarring in Mus compared
to Acomys regeneration. We performed IHC staining of D10 and D20 tissue sections from
Acomys and Mus. The number of cells+ for p38 was high at D20 compared to D10 in Mus
(t = 9.66, P < 0.0001*) and Acomys (t = 4.52, P = 0.0034*) (Figure 4.10b, d). We found a
significantly increased percentage of positive cells for p-p38 the injury at D10 versus D20
during Mus scarring (t = 9.35, P < 0.0001*) and Acomys regeneration (t = 4.54, P =
0.0050*) (Figure 4.10c, e). Additionally, we also found a significantly higher population
of cells positive for p-p38 as well as its downstream target, p21 in Mus. The percentage of
positive cells for p-p38+p21 were significantly high after injury at D20 compared to D10
in Mus (ANOVA, t = 8.57, P < 0.0001*) whereas no significant changes were found after
injury in Acomys (ANOVA, t = 1.03, P = 0.7332) (Figure 4.10c, f).
Next, we tested our model to determine if we decreased the level of ROS in Mus,
whether we might lower the level of p38 as well and have positive impact on tissue healing.
Similarly, we asked whether further lowering the level of ROS post injury in Acomys might
impact the level of p38 as well as tissue healing. First, we tested whether decreasing ROS
levels using NAC in Mus and DPI in Acomys would differentially impact activated p-p38
levels and downstream targets. To test this hypothesis, we stained the DPI injected Acomys
and NAC injected Mus sections at D10 with p-p38 and p21. We found that NAC injected
Mus contained a significantly smaller number of positive cells for p-p38 at D10 (t = 11.36,
P = P < 0.0001*) and D20 (t = 20.70, P < 0.0001*) (Figure 4.10c, e).
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Similarly, the

number of p-p38 and p21 positive cells was significantly decreased at D10 (t = 8.75, P =
P < 0.0001*) and D20 (t = 20.54, P < 0.0001*) (Figure 4.10c, f). Lowering ROS levels in
Acomys through DPI injection showed a significant decrease in p-p38 and p-p38+p21 cells
at D10 (p-p38: t = 6.41, P = 0.0001*; p-p38+p21: t = 7.80, P < 0.0001*) and D20 (p-p38:
t = 10.95, P < 0.0001*; p-p38+p21: t = 8.86, P < 0.0001*) (Figure 4.10c, e, f). The western
blot data showed that p38 was activated just 24hrs after injury in Mus (t = 4.68, P =
0.0042*) and it was significantly high at other time points of tissue injury as well (Twoway ANOVA, F = 13.3625, P < 0.0001*) (Figure 4.10g, h).

However, p38 was

significantly high at D5 and D10 while there were no significant changes found at D20 (t
= 2.97, P = 0.1796). Similarly, the protein level for p21 was significantly high after D3 (t
= 4.42, P = 0.0079*) of tissue injury which stays high till D20 in Mus (Two-way ANOVA,
F = 10.7541, P < 0.0001*) whereas the only significant changes detected during Acomys
(t = 4.68, P = 0.0042*) tissue injury was at D10 (Figure 4.10g, i). Overall, the data
suggested that ROS mediated p38 activation does not negatively impact the regeneration
in Acomys compared to scarring in Mus where it activated the senescence. Further,
modulating the level of ROS also impacted p-p38 levels which eventually affected the
downstream signal for cell proliferation or arrest in both the species post injury.
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Figure 4.10 Activated stress sensing p38 signaling triggers senescence during scarring
in Mus compared to regeneration in Acomys.
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(a) The image showed that injury induced oxidative stress differentially impacted tissue
healing outcomes in Acomys and Mus. Our model suggested that ROS mediated increased
p-p38 levels triggers senescent phenotype or apoptosis in Mus. However, the increased
amount of antioxidant pool through NAC in Mus helps to reduce the ROS and p-p38 levels
which switch the phenotype towards cell proliferation. The similar injury in Acomys
showed that animals were exposed to low amount of ROS which did not elevate the p-p38
above physiological levels and hence, it activated the cell proliferation in them.
Additionally, lowering the ROS level much further through DPI treatment in Acomys
decreased the p-p38 below physiological level and that might impact in lowering the cell
proliferation. Hence, the ROS mediated p-p38 activation levels play an important role
during scarring in Mus and regeneration in Acomys. (b, c) Representative images for p38
(b) and p21+p-p38 (c) positive cells for Mus and Acomys at D10 and D20 near distal sites
of injury (n=4). The white arrow represents cytoplasmic staining of p38+ cells, yellow
arrow marks nuclear p38+ (b) cells or p-p38+ (c) cells whereas the green arrow represents
co-labelling of cells with p21 and p-p38 staining. (d, e) The percent+ cells for only p38
(d) (Two-way ANOVA, F = 183.1370, P < 0.0001*) or p-p38 (e) (Two-way ANOVA, F
= 271.3397, P < 0.0001*) marker was significantly increased in both the species post
injury, but the levels of activation were low during regeneration in Acomys. However, the
decreased ROS level by NAC in Mus (D10: t = 11.36, P < 0.0001*; D20: t = 20.70, P <
0.0001*) and DPI in Acomys (D10: t = 6.41, P = 0.0001*; D20: t = 10.95, P < 0.0001*)
significantly decreased the percent+ cells for p-p38 at D10 and D20. (f) The percent+ cells
for co-labelled stress activated p38 and its downstream target, p21 were significantly
increased in Mus at D20 compared to D10 at distal to injury sites (t = 8.57, P < 0.0001*)
whereas there were no significant changes found in regenerating Acomys (t = 1.03, P =
0.7332). However, the NAC treatment in Mus (D10: t = 8.75, P < 0.0001*; D20: t = 20.754
P < 0.0001*) and DPI treatment in Acomys (D10: t = 7.80, P < 0.0001*; D20: t = 8.86, P
< 0.0001*) showed significantly decreased p-p38+p21 cells at D10 and D20 post injury (g)
Representative images of western blot performed for p38, p21 and housekeeping, betaactin proteins for uninjured (D0) and healing points (D1, D3, D5, D10 and D20) of Acomys
and Mus (n=3). (h) The protein band intensities for p21 and p38 were normalized with
beta-actin. The stress sensing protein, p38 level significantly increased after D1 (t = 4.68,
P = 0.0042*) which stays high till D20 (t = 5.13, P = 0.0014*) post injury while there were
no significant changes found at D20 (t = 2.97, P = 0.1796) in Acomys. (i) There was a
significant increase of p21 levels after D3 in Mus (t = 4.42, P = 0.0079*) after injury
whereas the similar insult in Acomys (t = 4.38, P = 0.0086*) took 10 days to see any
significant changes. Scale bars = 20 μm. ***P < 0.0001, **P < 0.001 and *P < 0.05. Error
bars = S.E.M.
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4.3.7

Similar tissue injury activates cell death during scarring in Mus
compared to regeneration in Acomys

Our data suggested that ROS mediated increased levels of p-p38 induced
senescence in Mus whereas the similar injury maintains the cell proliferation during
regeneration in Acomys due to the presence of low level of ROS and p-p38. This leads to
another important question whether due to enhanced oxidative stress in Mus, the cells were
stuck in cell cycle or else, the programmed cell death or apoptosis was also activated.
Caspase family which are aspartate-specific cysteine proteases plays an important role
during complex process of apoptosis through activation of initiator, Caspase 9 and effector,
Caspase 3 molecules of apoptotic pathway. We hypothesize that sustained oxidative stress
in Mus activates apoptosis in them. To test this, we stained the D10 and D20 tissue sections
from Acomys and Mus for initiator caspases (caspase 9) and effector caspase (cleaved
caspase 3). The percent+ cells for Caspase 9 was significantly high at D20 v/s D10 in Mus
(t = 12.38, P <0.0001*) whereas no effect was found in Acomys (t = 2.93, P = 0.0532)
(Figure 4.11a, c). The effector cleaved caspase 3 was also significantly high in Mus (t =
9.48, P <0.0001*) at D20 v/s D10 compared to non-significant changes found in Acomys
(t = 2.70, P = 0.0791) (Figure 4.11b, d). We also performed western blots to check the
protein level post injury in these two species. Caspase 9 and its cleaved product which
initiates the apoptotic pathway were significantly high after tissue injury in Mus (Figure
4.11e, f, g, h). Casp9 was significantly high at D10 (t = 3.84, P = 0.0297*) and D20 (t =
5.66, P = 0.0004*) post injury in Mus. Similarly, the cleaved product of Casp9, its larger
subunit was high from D1 to D10 (Two-way ANOVA, F = 13.7041, P < 0.0001*) whereas
the smaller subunit was high from D5to D20 (Two-way ANOVA, F = 56.0073, P <
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0.0001*). The similar tissue injury in Acomys did not significantly change the Casp9 and
its cleaved products protein level except D10 post injury of small subunit of Casp9 (t =
5.79, P = 0.0003*). As the initiator protein (Casp9 and its cleaved product) levels was
significantly high, the protein levels of effector protein, Casp3 were also significantly high
at all the time points measured during scarring in Mus (Two-way ANOVA, F = 29.8095,
P < 0.0001*) (Figure 4.11e, i). Similarly, the increase in the protein level of the cleaved
product of Casp9 partially affects the level of Casp3 at D10 during Acomys tissue injury
and hence, it showed the significant increase at D10 (t = 4.48, P = 0.0067*) (Figure 4.11e,
i). Thus, the sustained oxidative stress leads to increased apoptosis during scarring in Mus
compared to regeneration in Acomys.
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Figure 4.11 Tissue injury triggers cell death pathway during scarring in Mus
compared to regeneration in Acomys.
(a, b) The images show Casp9 (a) and cleaved Casp3 (b) positive cells for Mus and Acomys
at D10 and D20 near distal sites of injury (n=4). The yellow arrow marks Casp9+ (a) or
cleaved Casp3+ (b) cells. (c) The percent+ cells for Casp9 were significantly increased in
Mus (t = 12.38, P <0.0001*) post injury whereas there was no effect found in Acomys (t =
2.93, P = 0.0532). (d) Similarly, the downstream target of activated cell death pathway,
cleaved Casp3 was significantly increased during scarring in Mus (t = 9.48, P<0.0001*)
whereas no significant changes found during regeneration in Acomys (t = 2.70, P = 0.0791).
(e) Representative images for apoptotic proteins, Caspase 9 (Casp9) and its cleaved
products (large and small subunits) as well as Caspase 3 (Casp3) along with beta-actin for
uninjured (D0) and healing points (D1, D3, D5, D10 and D20) of Acomys and Mus (n=3).
(f, g, h) The initiator of apoptotic pathway, Casp9 (Two-way ANOVA, F = 29.2628, P <
0.0001*) and its cleaved products (Large subunit: Two-way ANOVA, F = 13.7041, P <
0.0001* and Small subunit: Two-way ANOVA, F = 56.0073, P < 0.0001*) protein level
were significantly increased post injury especially at D10 in Mus. However, there were no
significant changes found in Acomys for Casp9 and cleaved products post injury (except
smaller subunit was significantly high at D10 (t = 5.79, P = 0.0003*)). (i) The effector
protein of apoptotic pathway, Casp3 was significantly high in Mus (Two-way ANOVA, F
= 29.8095, P < 0.0001*) after injury at all the time points measured while there was a
significant change observed only at D10 post injury in Acomys (t = 4.48, P = 0.0067*).
Scale bars = 20 μm. ***P < 0.0001, **P < 0.001 and *P < 0.05. Error bars = S.E.M.

4.4

Discussion
The differential cell response to a similar injury leads to different tissue healing

outcomes. Upon injury during regeneration, the local cells will be able to re-enter in cell
cycle which boosts proliferation whereas the cells undergo cell cycle arrest in case of
scarring. This different tissue healing outcome will be highly dependent to the tissue
microenvironment and the machinery of the cells to fight against stress. The injury/stress
creates the imbalance in the production and translocation of necessary chemicals, ions,
signaling molecules, enzyme activities etc. which ultimately disturbs the homeostasis of a
cell (Chovatiya and Medzhitov, 2014). Importantly, the redox state is tightly regulated in
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a cell because as the ROS production is increased upon injury, the cells will activate their
antioxidant system to decompose this excess ROS to maintain homeostasis.

The

production of different oxygen radicals or ROS molecules in response to injury plays an
important role in wound healing, a process shared by regeneration and scarring (Chovatiya
and Medzhitov, 2014; Dunnill et al., 2017). Upon injury, the neutrophils will be recruited
to the injury sites which produce ROS molecules through NADPH-oxidase to perform
phagocytosis (Mittal et al., 2014). This initial burst of ROS was found during regeneration
of caudal fin in zebrafish or tail of xenopus larvae. It was also shown that blocking this
initial ROS burst through chemicals such as DPI or apocynin inhibit or delay the cell
proliferation of blastemal cells and eventually regeneration process (Gauron et al., 2013b;
Love et al., 2013a). Similarly, during regeneration of punched ear hole in Acomys, the
initial ROS burst (especially H2O2) through NADPH-oxidase was detected whereas the
myeloperoxidase activity was high which produce highly detrimental HOCl during scarring
in Mus (Simkin et al., 2017a). The deteriorating effect of increased ROS production is well
known but as the level of ROS molecules is balanced through antioxidant system, it can
act as a signaling center at low levels. It has many beneficial role during cell growth,
apoptosis, cellular senescence, cell proliferation and immune responses (Schieber and
Chandel, 2014). The production of different types of ROS molecule during regeneration in
Acomys and scarring in Mus shows that both the animals have different system to deal with
initial ROS burst. Thus, our article tested this mechanistic link of impact of injury induced
ROS production during regeneration and scarring.
Our in vitro study where we cultured the primary fibroblasts from ear pinna of
regenerating (Acomys and Oryctolagus) and non-regenerating (Mus and Rattus) species
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had showed the different type of response to a similar H2O2 stress (Saxena et al., 2019).
We found that the cells from non-regenerators were sensitive to this oxidative stress as
these cells have sustained the H2O2 levels which negatively impacted cell proliferation but
activated the cellular senescence. These cells also have low antioxidant activity and
dysfunctional mitochondria which leads to disturb their homeostasis. On the other hand,
regenerating cells were resistant to this oxidative stress and have normal mitochondrial
function and higher antioxidant activity. We have extended our in vitro study to test how
a complex tissue microenvironment of Acomys and Mus responds to similar tissue injury.
The proliferative pool of cells was significantly decreased but the senescent cells were
increased significantly at D20 compared to D10 in Mus post injury. While there were no
significant changes detected in Acomys in response to similar injury. The GPx antioxidant
activity as well as glutathione pool was high during regeneration in Acomys whereas low
antioxidant activity and decreased ratio of GSH/GSSG which indicates increased oxidative
stress was detected in Mus. Later, we blocked the ROS production through NADPHoxidase inhibitor, DPI or apocynin which results in delayed regeneration. Interestingly, by
boosting the antioxidant activity in Mus, it increases the cell proliferation, but ear hole
closure was limited. This data suggested that due to the intrinsic cellular differences, the
stress sensing and its response to in vitro or in vivo ROS insult is different in both the
species which might explain their respective tissue healing outcomes.
The stress sensing proteins and their downstream targets regulates the cellular
behavior towards a particular injury/stress. The produced ROS can activate different
members of the MAPK family, such as ERKs, JNKs, and p38 (Son et al., 2011). The
activated MAP kinases via oxidative stress triggers the apoptosis but it was tightly
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controlled through the duration and amount of ROS insult to the cell or tissue. The initial
response of activated MAP kinases is to start the pro-survival mechanism as these
molecules try to repair the damage caused by oxidative stress but as the insult is incurable,
they trigger cell cycle arrest or apoptotic pathways in the damaged cells (Cargnello and
Roux, 2011). We have tested how p38 MAPK and its downstream targets impact the
regeneration or scarring process. We found that p38 MAPK was activated in both the
species but p38 driven cellular senescence (marked with p21) was significantly high post
injury in Mus. Similarly, the apoptotic pathway was activated post injury in Mus as we
found significantly higher number of percent+ cells for Casp9 and Casp3 whereas no effect
was detected in Acomys. This might be explained by the higher GPx activity (just after 24
hr) and glutathione turnover which decompose the produced ROS rapidly in Acomys and
hence, the duration and magnitude of ROS is low in Acomys. However, in case of Mus, it
took 5 days post injury to have any significant increase in GPx activity and have decreased
ratio of GSH/GSSG which shows that Mus cells have exposed to sustained oxidative stress
that eventually leads to activation of cell cycle arrest and apoptotic pathway in them. Thus,
the produced ROS during Acomys regeneration have beneficial role which promote cell
proliferation whereas it has negatively impacted scarring in Mus which leads to activation
of senescence or cell death in it.
The beneficial role of ROS molecules was noticed during phagocytosis process
where ROS helps to remove the harmful microbes. During inflammation and tissue healing
process, the ROS produced through NADPH-oxidase can act as chemoattractant to recruit
the neutrophils to the site of injury and initiates the phagocytosis process (Aloysius et al.,
2021). During inflammation, the dual oxidase (Duox) of damaged cells in zebrafish
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releases the hydrogen peroxide (H2O2) gradient. This initial H2O2 signal recruit neutrophils
on the injured or damaged tissue and is required for regeneration (Niethammer et al.,
2009b). It will be interesting to explore the role of mitochondrial ROS during tissue healing
outcomes. The mitochondria play an important role to regulate the redox state and maintain
homeostasis of cells (Mailloux et al., 2014). The injured cells can increase the production
of mitochondrial ROS which might be balanced by their own antioxidant enzymes system.
However, if the insult is permanent, the mitochondria activate the caspase proteins which
leads to cell death. It was shown that in human bladder cancer cells, vitamin K2 activated
the mitochondrial dependent apoptosis via ROS and JNK/p38 MAPK pathways (Duan et
al., 2016). Our in vitro data also suggested that mitochondrial bioenergetics play an
important role in differential response to oxidative stress in regenerators and nonregenerators fibroblasts (Saxena et al., 2019). The turnover of glutathione metabolism can
also be a target to understand the ROS signaling. Our data explored the possibility of ROS
acting as a signaling center during regeneration whose durations and amount was tightly
regulated through antioxidant scavenger system. However due to the failure of delay in
response of antioxidant system in Mus, the damaging effects are high.

Hence, the

differential response of cells to the similar tissue injury might regulates the tissue healing
outcome in these species.
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5.1

Abstract
Mitochondria play an important role during cell survival by providing ATP from

oxidative phosphorylation.
mitochondrial bioenergetics.

The differential mitochondrial phenotype regulates the
The mitochondrial dysfunction was characterized by

significantly low mtDNA copy number as well impaired respiration in various disease
conditions. During tissue injury/stress, the production of ROS molecules might impact the
functionality of mitochondria.

Interestingly, the importance of mitochondrial

bioenergetics in the context of regeneration is poorly understood.

Hence, we first

characterized cells in culture and found that fibroblasts from regenerators were round
shaped, had low biomass and rely on glycolysis for energy production whereas fibroblasts
from non-regenerators were elongated, higher biomass and depends on OXPHOS for
energy demands. We diminished the mtDNA through EtBr treatment and prepared cybrids.
In the future, we will test these cybrids for stress resistant capacity of Acomys fibroblasts
compared to senescent phenotype in Mus. Finally, we would like to transplant these
cybrids into ear hole injury to test the importance of mitochondrial bioenergetics during
regeneration and scarring.

5.2

Introduction
The most important characteristic of an epimorphic type of regeneration is the

formation of a blastema which is an undifferentiated mass of cells. During regeneration,
local cells near the injury site receives an unknown signal to re-enter the cell cycle, progress
through the cell cycle and ultimately proliferate (Seifert et al., 2012; Gawriluk et al., 2016).
Tissue injury/stress results in the formation of free radicals (like reactive oxygen species,
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ROS) which play an important role in tissue healing. For instance, ROS molecules can act
as a signaling center for cell proliferation during cancer cell progression (Schieber and
Chandel, 2014).

Mitochondria are the major source of ROS and have antioxidant

scavengers which help the damaged cells to maintain homeostasis (Mailloux, 2018).
Mitochondria are the powerhouse of cells and have to be functionally stable for
cells/tissue to be healthy but mitochondrial respiration produced ROS could negatively
impact the mtDNA. As the mtDNA resides very close to electron transport chain (ETC),
it can directly impact and mutated by ROS (Addabbo et al., 2009). Studies have shown
that mitochondria become dysfunctional during various diseased conditions such as
mitochondrial diseases, diabetes, cancer, neurodegenerative disorders and aging (Wallace
et al., 1988; Chatterjee et al., 2006; Krishnan et al., 2007; Rotig et al., 1997). Various in
vitro studies have tested the importance of mtDNA by depleted it from the cells through
chemical treatment (EtBr) or genetic ablation to create Rho zero (ρ0) cells (FernándezMoreno et al., 2016). Later, the mitochondria from healthy cells were transferred into the
ρ0 cells to make cytoplasmic hybrids (cybrids). Further, the transplantation of these
cybrids into injured area stabilized the lost metabolic function (Hayakawa et al., 2016).
Similarly, mitochondrial size, shape, structure and mass also play an important role in the
proper functioning of the organelle (Glancy et al., 2020; Kühlbrandt, 2015; McCarron et
al., 2013). Mitochondrial phenotypes differ based on cellular plasticity. Studies have
shown that proliferating stem cells have rounded and punctuated mitochondria, higher
mitochondrial fission, lower mitochondrial biogenesis, and a reliance on glycolysis for
their energy consumption (Fu et al., 2019). On the contrary, differentiated cells have
elongated mitochondria, higher mitochondrial biogenesis and fusion and depend on
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oxidative phosphorylation (OXPHOS) for energy demand (Fu et al., 2019). Hence, the
differential phenotype of mitochondria plays different role and maintain the homeostasis
post injury/stress.
The role of mitochondrial bioenergetics is well understood in cancer, aging, stem cell
biology and numerous disease condition but it is poorly understood in the context of tissue
regeneration (Chatterjee et al., 2006; Krishnan et al., 2007). It was shown that initial ROS
burst was present and required for tissue regeneration during caudal fin regeneration in
zebrafish, Xenopus tadpole tail regeneration, salamander tail regeneration (Gauron et. al,
2013; Love et al., 2013). A previous study from our lab showed that during epimorphic
regeneration of the ear hole in Acomys, the NADPH oxidase mediated H2O2 burst was
present just after 3 hrs of injury (Simkin et al., 2017). Additionally, our unpublished data
showed that this ROS burst was required for Acomys regeneration as blocking it through
DPI or apocynin delayed regeneration (Saxena and Seifert, in prep.). However, a similar
injury in scarring Mus created HOCl molecule and it was shown that excess HOCl
production might be dangerous for cellular functioning (Ulfig and Leichert, 2020).
Currently there is no evidence on how important mitochondrial functionality is during
Acomys regeneration. However, our in vitro work showed that fibroblasts from Acomys
and Oryctolagus were oxidative stress resistant and have functional mitochondria post
H2O2 treatment whereas the similar stress activated cellular senescence and decreased
mitochondria function in cells from Mus and Rattus (Saxena et al., 2019). This shows that
mitochondria were exposed differently to this stress or else the mitochondrial or cellular
response leads to differential outcomes in cells from regenerators compared to non-
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regenerators. Hence, it would be interesting to test the role of mitochondria during tissue
regeneration in Acomys compared to scarring in Mus.
The complex tissue regeneration is accomplished by the contribution of different cell
types most importantly immune cells and mesenchymal cells. The role of mitochondria in
these cell types are well studied in various disease states but it was poorly understood in
context of regeneration (Aloysius et al., 2020).

In this study, we characterized

mitochondrial phenotypes in fibroblasts from regenerating and non-regenerating species
and further tested the differential response of mitochondria to H2O2 stress. We found that
Acomys and Oryctolagus (regenerators) cells have rounded and punctate mitochondria,
low mitochondrial mass and rely on glycolysis for energy consumption. On the contrary,
Mus and Rattus (non-regenerators) cells have elongated mitochondria, higher
mitochondrial mass and depend on OXPHOS for energy consumption. The measured
mitochondrial mass was significantly higher in cells from non-regenerating animals
compared to regenerating animals. Cybrids were transplanted into the punched ear and
cell proliferation and ear hole closure rate were analyzed. We were able to deplete the
mtDNA through the EtBr treatment for 2 weeks to make ρ0 cells however Mus and Rattus
fibroblasts required more EtBr compared to Acomys and Oryctolagus cells. These ρ0 cells
were used to prepare the cybrids for Acomys and Mus cells. Our future aim is listed in the
results section to complete the story.
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5.3

Results
5.3.1

Differential phenotype of mitochondrial structure discovered among
regenerators and non-regenerators

It was shown that mitochondrial morphology plays an important role in its function.
The actively proliferating stem cells contain phenotype differences of mitochondria
compared to its differentiated state (Fu et al., 2019). Our in vitro article suggested that
treatment of fibroblasts from regenerators (Acomys and Oryctolagus) and non-regenerators
(Mus and Rattus) with hydrogen peroxide showed significant mitochondrial dysfunction
only in non-regenerators (Saxena et al., 2019).

We hypothesize that different

mitochondrial phenotype in non-regenerators compared to regenerators might explain the
differential response of cells towards hydrogen peroxide treatment. To investigate this,
we stained the fibroblasts with MitoTracker™ Red CMXRos which showed that nonregenerators has elongated mitochondria whereas regenerators have round and punctuated
mitochondria (Figure 5.1a).

Next, we checked the oxidative phosphorylation by

measuring the oxygen consumption rate (OCR) through mitochondrial stress test run. This
showed that non-regenerators have significantly higher basal respiration (One-way
ANOVA, F=36.4136, P<0.0001*) as well as higher ATP production (One-way ANOVA,
F=51.4451, P<0.0001*) (Figure 5.1b, c). Additionally, we have already discovered that
upon H2O2 treatment, the mitochondria from non-regenerating cells were negatively
impacted as their basal metabolic rate goes down significantly whereas there was no effect
of this treatment on regenerating fibroblasts (Saxena et al., 2019). This shows that nonregenerators might depend on mitochondrial OXPHOS for their energy consumption.
Next, the glycolysis rate was measured through Extracellular acidification rate (ECAR)
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during Seahorse run. There was significantly higher glycolytic rate in regenerators
compared to non-regenerators (One-way ANOVA, F=7.0818, P<0.0030*) (Figure 5.1d).
As the glycolytic rate was high for regenerators, we would like to test whether the cells
depend on glycolysis for their energy consumption. Hence, we treated the cells with H2O2
and performed glycolysis stress test. We found that glycolysis (Two-way ANOVA,
F=3.6539, P= 0.0060*) and glycolytic capacity (Two-way ANOVA, F=2.0558, P =
0.0828) was significantly decreased only in cells from regenerators (Acomys and
Oryctolagus) while there was no effect on Mus and Rattus cells (Figure 5.1e, f). This
shows that the cells from regenerators might rely on glycolysis compared to OXPHOS.
Overall, this data suggested that the mitochondrial phenotype was different in regenerators
and non-regenerators.

The regenerators have rounded mitochondria which rely on

glycolysis whereas non-regenerators have elongated mitochondria that uses oxidative
phosphorylation for their energy usages.
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Figure 5.1 Characterization of differential phenotype of mitochondria among
regenerators and non- regenerators.
(a) Representative images of mitochondrial phenotype stained with MitoTracker Red
CMXRos for all the species. The structure of mitochondria was rounded in regenerators
whereas the elongated or filamentous phenotype found in non-regenerators. (b, c) The
Seahorse run for mitochondria stress test was performed on fibroblasts from the 4 species
(n=5/species). This data showed that basal respiration (One-way ANOVA, F=36.4136,
P<0.0001*) and ATP production (One-way ANOVA, F=51.4451, P<0.0001*) was
significantly higher in cells from non-regenerators compared to regenerators. (d) However,
the ECAR rate was measured through Seahorse to calculate glycolysis which was
significantly higher in regenerators compared to non-regenerators (One-way ANOVA,
F=7.0818, P= 0.0030*). (e-f) Our previously article have showed that mitochondrial
respiration was decreased post H2O2 exposure in non-regenerating cells whereas there was
no effect on cells from regenerating animals (Saxena et al., 2019). Here, we measured the
glycolytic rate after H2O2 treatment, and we found that glycolysis rate (Two-way ANOVA,
F=3.6539, P= 0.0060*) and glycolytic capacity (Two-way ANOVA, F=2.0558, P<0.0828)
was significantly decreased in regenerating cells while no significant changes found in non131

regenerators. This data suggested that there might be a biased reliance of non-regenerating
cells towards OXPHOS whereas the regenerating cells depends on glycolysis.

5.3.2

Mitochondrial mass was higher in cells from non-regenerators
compared to regenerators

The functionality of mitochondria is tightly regulated by its biogenesis. During
mitochondrial biogenesis, the mitochondria increase the pool of metabolic enzymes for
glycolysis, OXPHOS which eventually increases its mass and metabolic bioenergetics.
However, the cellular response to the oxidative stress regulates the change in size, shape
and number of mitochondria (Chang et al., 2010; Cogliati et al., 2016). As we found that
the mitochondrial phenotype was different among our regenerators and non-regenerators
groups, we would like to test the differences in their biogenesis. We hypothesize that
mitochondrial biomass might be higher in non-regenerators compared to regenerators
because cells from non-regenerators have higher oxidative phosphorylation compared to
regenerators. To test this hypothesis, the cells were stained with MitoTracker red to mark
the functional mitochondria and measured its fluorescent intensities and particle count.
The percent particle counts of the MitoTracker red for non-regenerators were also
significantly higher compared to regenerators (One-way ANOVA, F=264.7522,
P<0.0001*) (Figure 5.2a, b).

Similarly, the measured %fluorescent intensity of

MitoTracker red for non-regenerators were significantly higher compared to regenerators
(One-way ANOVA, F=224.7211, P<0.0001*) (Figure 5.2a, c). This shows that number of
functional mitochondria was higher in Mus and Rattus compared to Acomys and
Oryctolagus. Next, we measured the amount of isolated mitochondrial protein in these
cells, and we found that percent mitochondrial protein per million cells (One-way
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ANOVA, F=58.0423, P<0.0001*) was significantly higher in cells from non-regenerators
compared to regenerating fibroblasts (Figure 5.2d). Thus, the data showed the correlation
of higher OXPHOS with presence of higher biomass in non-regenerators compared to cells
from regenerators.
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Figure 5.2 Mitochondrial mass was higher in non-regenerators.
(a) The MitoTracker Red CMXRos stains the active mitochondria in the live cells but its
accumulation relies on mitochondrial membrane potential. The live cells were stained for
30 min with 250nM MitoTracker Red CMXRos, fixed, stained with DAPI (nuclear stain)
and mounted. The representative images for all the 4 species were captured at same
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exposure time 1.5s. The bright signal was obtained in non-regenerators (Mus and Rattus)
compared to regenerators (Acomys and Oryctolagus). (b) The percent mitochondrial
protein per cell was measured and found that mitochondrial amount was significantly
higher in Mus and Rattus compared to Acomys and Oryctolagus. (c) The MitoTracker Red
CMXRos intensity was measured and normalized against cell area using Image J software
for ≥ 20 cells/cell lines for all four species (n = 3 lines/species). The significantly higher
%fluorescent intensity in non-regenerators compared to regenerators was detected (Oneway ANOVA, F=264.7522, P<0.0001*). (d) Similarly, the particle count normalized
against area was calculated using Image J software. This also showed significantly higher
%particle count for active mitochondria from non-regenerators compared to regenerators
(One-way ANOVA, F=224.7211, P<0.0001*).

5.3.3

Higher amount of EtBr was required to deplete mitochondria from
non-regenerators compared to regenerators

Mitochondrial DNA (mtDNA) plays an important role in mitochondrial function.
The increased ROS production might lead to oxidative base lesions in mtDNA which
creates a mutation in it. This mutation hampers the normal functioning of mitochondria
which was one of the hallmarks of aging and neurodegenerative disease (Guo et al., 2013;
Mikhed et al., 2015). The various chemical treatment or genetic disorders might decrease
the mtDNA copy number. The Ethidium bromide (EtBr) can be used to block the mtDNA
replication which has insignificant effect on nuclear DNA (Desjardins et al., 1985;
Marusich et al., 1997; Diaz et al., 2002). We already know that Acomys and Oryctolagus
cells were resistant to oxidative stress, so we would like to test at what extent this property
relies on mitochondria. Hence, to regulate the functioning of mitochondria, we depleted
the mtDNA with different concentration of EtBr. The continuous treatment with 250ng
EtBr for 2 weeks was sufficient enough to deplete the mtDNA from Acomys and
Oryctolagus cells. The mitochondrial stress test was performed, and we found that basal
respiration (Two-way ANOVA, F=19.6931, P= 0.0005*) and ATP production (Two-way
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ANOVA, F=69.0979, P< 0.0001*) was significantly decreased in Acomys and Oryctolagus
cells post EtBr treatment (Figure 5.3a). Similarly, the functional mitochondrial staining
with MitoTracker red also showed that percent particle count (Two-way ANOVA,
F=139.6826, P< 0.0001*) and percent fluorescent intensities (Two-way ANOVA,
F=282.4750, P< 0.0001*) were significantly decreases post EtBr treatment in Acomys and
Oryctolagus cells (Figure 5.3b, c). Interestingly, the cells from non-regenerators required
4 times more amount of EtBr to deplete their mtDNA. Hence, we treated the Mus and
Rattus cells continuously with 1000ng EtBr for 2 weeks and found that basal respiration
(Two-way ANOVA, F=28.6785, P = 0.0001*) and ATP production (Two-way ANOVA,
F=28.8911, P = 0.0001*) was significantly decreased in them (Figure 5.3d). Similarly,
the MitoTracker red stained cells showed that percent particle count (Two-way ANOVA,
F=1235.365, P <0.0001*) and percent fluorescent intensity (Two-way ANOVA,
F=637.6329, P <0.0001*) was significantly decreased post EtBr treatment in Mus and
Rattus cells (Figure 5.3e, f). We required higher amount of EtBr for Mus and Rattus cells
compared to Acomys and Oryctolagus because mitochondrial mass was high in Mus and
Rattus cells compared to Acomys and Oryctolagus. Thus, the EtBr depleted cells can be
used for further testing the importance of mitochondria in stress resistant capacity of
regenerators.

135

80

50

0

40

**

**

0

**

**

Ctrl EtBr Ctrl EtBr
Ctrl EtBr Ctrl EtBr
Continuous 250ng/ml EtBr treatment for 2 weeks

% MitoTracker Red
intensities per area of cell

100

100

250ng EtBr

Acomys

120

ctrl

60
40
***

e
200

160

150

120

100

80

50

40

0

**

***

Mus
Rattus

**

***

0
Ctrl EtBr Ctrl EtBr
Ctrl EtBr Ctrl EtBr
Continuous 1000ng/ml EtBr treatment for 2 weeks

EtBr Ctrl

6
4

0

EtBr

***

2

Ctrl

***

EtBr

Ctrl

EtBr

f

ATP
production

100

1000ng EtBr

ctrl

% MitoTracker Red
intensitiesper area of cell

200

Mus

Basal
respiration

Rattus

Mus
Rattus

MitoTracker Red + DAPI cell

% Normalized OCR

250

Ctrl

Acomys
Oryctolagus

8

Continuous 250ng/ml EtBr treatment for 2 weeks

Continuous 250ng/ml EtBr treatment for 2 weeks

d

***

20
0

10

Acomys
Oryctolagus

80

% MitoTracker Red particle
counts per area of cell

Acomys
ATP
Oryctolagus production
MitoTracker Red + DAPI cell

160

Oryctolagus

150
% Normalized OCR

c

b
Basal
Acomys
Oryctolagus respiration

Mus
Rattus

80
60
40

***

***

20
0
Ctrl EtBr

Continuous 1000ng/ml EtBr treatment for 2 weeks

Ctrl

EtBr

% MitoTracker Red particle counts
per area of cell

a

10

Mus
Rattus

8
6
4

***

***

2
0
Ctrl

EtBr

Ctrl

EtBr

Continuous 1000ng/ml EtBr treatment for 2 weeks

Figure 5.3 Higher amount of EtBr required to deplete non-regenerators
mitochondrial DNA compared to regenerators.
The cells were treated with different concentration of EtBr (250ng, 500ng, 750ng and
1000ng) to deplete their mitochondrial DNA. We confirmed the depletion through
MitoTracker Red CMXRos staining as well as mitochondrial stress test run on Seahorse.
(a) Representative MitoTracker Red CMXRos stained cells from Acomys and Oryctolagus
with control and treated continuously with 250ng EtBr for 2 weeks. (b) We performed the
mitochondrial stress test run on Seahorse to confirm the depletion in Acomys and
Oryctolagus and we found that basal respiration (Two-way ANOVA, F=19.6932, P=
0.0005*) and ATP production (Two-way ANOVA, F=69.0979, P<0.0001*) was
significantly decreased after the EtBr treatment. (c) Similarly, the functional mitochondrial
is significantly decreased after EtBr treatment in Acomys and Oryctolagus confirmed
through reduced percent particle count production (Two-way ANOVA, F=139.6826,
P<0.0001*) and fluorescent intensities production (Two-way ANOVA, F=282.4750,
P<0.0001*) in EtBr treated cells. (d) Representative images for Mus and Rattus cells with
MitoTracker Red CMXRos for control and after continuous treatment with 1000ng EtBr
for 2 weeks. (e) Similarly, to regenerating cells treatment, the Seahorse analysis showed
significantly decreased basal respiration production (Two-way ANOVA, F=28.6785,
P<0.0001*) and ATP production (Two-way ANOVA, F=28.8911, P<0.0001*) in Mus and
Rattus cells post EtBr treatment. (f) The percent particle count production (Two-way
ANOVA, F=1235.365, P<0.0001*) and fluorescent intensity production (Two-way
ANOVA, F=637.6729, P<0.0001*) was significantly decreased in Mus and Rattus cell
after EtBr treatment.
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5.3.4

Characterization of cybrids

The depletion of mtDNA from cells (recipient) and transfer of isolated healthy
mitochondria (donor) on them is a powerful tool to test the functionality of mitochondria
among stress conditions (Wilkins et al., 2014). These cells are called cytoplasmic hybrids
(cybrids). The mtDNA depleted cells are also known as Rho zero (ρ0) cells plays an
important role to test the impact of mtDNA on cellular functions (Desjardins et al., 1985).
We have prepared the EtBr depleted cells or ρ0 cells from Acomys and Mus fibroblasts and
labelled them with MitoTracker red (recipient). Later, the mitochondria from control cells
were isolated and labelled with MitoTracker green (donor). These donor mitochondria
were cultured with recipient cells to make cybrids (Figure 5.4a). We performed the
mitochondrial stress test run on these cybrids to check the mitochondrial respiration. We
found that the basal respiration (One-way ANOVA, F=135.4933, P<0.0001*) and ATP
production (One-way ANOVA, F=71.5863, P<0.0001*) was significantly increased in
cybrids compared to ρ0 cells prepared from Acomys and Mus fibroblasts (Figure 5.4b, c).
Thus, these data showed that the cybrid protocol was working and now, we can use these
cybrids to test following things:
1. Perform H2O2 treatments and staining for senescent markers on these cybrids to test
oxidative stress resistance capacity on Mus cells with Acomys mitochondria or vice
versa.
2. We will transplant these cybrids into the ear of Acomys and Mus to test the effect
of mitochondria on cell proliferation and ear hole closure rate.
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Figure 5.4 Characterization of prepared cybrids among Acomys and Mus fibroblasts.
Acomys cells were treated with 250ng EtBr and Mus with 1000ng EtBr for 2 weeks which
act as recipient cells. These cells were labelled with MitoTracker Red. The mitochondria
were isolated from control cells and labelled with MitoTracker Green which act as donor.
Later, the isolated labelled mitochondria (form donor cell) were transferred to recipient
cells to make cybrids. (a) Representative images showing control, EtBr treated, Acomys
and Mus cybrids. These cybrids were made with Acomys cells with Acomys or Mus
mitochondria and Mus cells with Acomys or Mus mitochondria. (b, c) The functionality of
prepared cybrids were confirmed through Seahorse mitochondrial stress test run. We found
that the basal respiration (b) (One-way ANOVA, F=135.4933, P<0.0001*) and ATP
production (c) (One-way ANOVA, F=71.5863, P<0.0001*) was significantly increased in
cybrids for both Acomys and Mus.
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5.4

Discussion
During normal mitochondrial metabolism and homeostasis, ROS molecules are

produced at physiological level and decomposed through antioxidant scavengers.
However, injury induced oxidative stress negatively impacts normal mitochondrial
functioning which disturbs the homeostasis of tissue microenvironment (Zorov et al.,
2014). Additional ROS builds up when mitochondrial metabolism is affected due to the
oxidative stress. Initial ROS burst is required for regeneration, but the contribution of
mitochondrial ROS, biogenesis and metabolism is still unclear (Gauron et al., 2013b; Love
et al., 2013a). Our in vitro study on cultured fibroblasts from ear pinna showed that upon
H2O2 treatment, the cells from regenerators maintained normal mitochondrial respiration
whereas the cells from non-regenerators had destabilized mitochondria and significantly
decreased cellular metabolic rate as well (Saxena et al., 2019). This differential response
to oxidative stress among regenerators and non-regenerators shows that intrinsic
differences exist at cellular or even at mitochondrial level. Interestingly mitochondrial
phenotype is different among proliferating stem cell or a differentiated one (Fu et al., 2019).
Hence, in this study we first characterized mitochondrial shape, size, structure, biomass
and respiratory capacity of regenerating and non-regenerating cells. We discovered that
rounded and punctuated shaped mitochondria was present in Acomys and Oryctolagus
while fragmented and elongated shaped mitochondria was found in Mus and Rattus.
Similarly, the mitochondrial mass was higher in cells from non-regenerating cells
compared to regenerating cells. Interestingly, the glycolytic rate was significantly higher
in Acomys and Oryctolagus and treatment with H2O2 showed cellular reliance on
glycolysis. However, the non-regenerating cells had higher OXPHOS which showed the
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dependency on OXPHOS for their energy consumption.

Thus, this characterization

showed that different mitochondria phenotypes exist among cells from regenerators and
non-regenerators groups which might explain the different response of these groups upon
exposure to external oxidative stress.
The mitochondrial function relies on the mtDNA which is present in the close
proximity to ROS producing mitochondrial respiratory complexes. This mitochondrial
ROS or ROS produced through other injury/stress might create mtDNA mutation which is
a very common characteristic of various mitochondrial based disorders such as cancer,
aging and neurodegenerative diseases (Krishnan et al., 2007; Wallace et al., 1988). Hence,
mtDNA is a great tool to test mitochondrial function. Previous studies have tested this by
depleting mtDNA either chemically through EtBr or genetically to make ρ0 cells and
healthy isolated mitochondria were transferred to make cybrids (refs). These cybrids were
transplanted to a damaged or injured cell and helped overcome stress condition (refs). In
this study, we depleted mtDNA from cultured fibroblasts by EtBr treatment to make ρ0
cells and transferred the healthy mitochondria into them. We confirmed cybrid production
by seeing increased OXPHOS post mitochondria transfer into ρ0 cells. In future, we plan
to functionally test the extent to which regeneration or scarring depends on mitochondrial
metabolism.
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CHAPTER 6. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS
6.1

Existence of intrinsic cellular differences of fibroblast and stress resistance
capacity of regenerators
Punched ear pinna healed through epimorphic regeneration in Acomys whereas a

similar injury healed through scar formation in Mus (Gawriluk et al., 2016b; Seifert et al.,
2012b). The role of heterogenous population of fibroblasts has been well established
during tissue healing (Driskell et al., 2013; Janson et al., 2012). The fibroblasts have
euchromatic nucleus and rounded morphology during Acomys regeneration whereas during
scarring in Mus, fibroblasts are spindle shaped with heterochromatic nucleus (Gawriluk et
al., 2016b). It was difficult to delineate specific role of these fibroblasts due to the
complexity of ear pinna tissue. Hence, we isolated the fibroblasts and cultured them at the
physiological conditions to understand the intrinsic differences among regenerators
(Acomys and Oryctolagus) and non-regenerators (Mus and Rattus) (Saxena et al., 2019).
We found that cells from Mus and Rattus had sustained H2O2 exposure due to their
lower GPx and catalase activity and it also resulted in activation of senescent phenotype
(γ-H2AX, p21, p53, p16 and p19) and dysfunctional mitochondrial metabolism. However,
Acomys and Oryctolagus cells had greater GPx and catalase activities and were stress
resistant as these cells did not showed any senescent phenotype or dysfunctional
mitochondrial metabolism. The negative effects of H2O2 stress were rescued through
pretreatment of Mus and Rattus cells with N-acetyl cysteine (NAC). Hence, the data
suggested that cells from regenerators were stress resistant. This part of study reveals the
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mechanistic link of ROS signaling and mitochondria metabolism in the context of
regeneration.

6.2

ROS burst was required during regeneration of Acomys
As we found a higher oxidative stress resistant capacity in fibroblasts from

regenerators compared to non-regenerators fibroblasts, we tested how the complex tissue
environment regulates ROS signaling, senescent pathways and regeneration/scarring (He
et al., 2017). It was already shown that the initial burst of ROS was present and essential
in zebrafish caudal fin and axolotl limb regeneration (Gauron et al., 2013b; Love et al.,
2013a). Similarly, our group previously found that the ROS production via NADPHoxidase was high in Acomys regeneration compared to fibrotic repair in Mus (Simkin et al.,
2017a). Additionally, the cells have a pool of antioxidants enzymes to decompose excess
ROS produced which helps the cells to maintain cellular homeostasis (Birben et al., 2012).
Hence, we investigated how ROS burst after injury regulates cell cycle progression/arrest
during Acomys regeneration and scarring in Mus.
We found that the number of proliferating cells decreased in Mus whereas the
Acomys was able to maintain the pool of proliferated cells at D20 v/s D10. However, the
percent of senescent cells (marked with γ-H2AX and p21) was significantly higher during
scarring in Mus whereas no significant change was detected in Acomys at D20 v/s D10.
We also found that GPx activity was higher just after 24hrs of injury in Acomys, but Mus
took 5 days to show any significant increase. Glutathione turnover was faster in Acomys
compared to Mus due to GSSG accumulation which in turn increased oxidative stress
marked by decreased ratio of GSH/GSSG in Mus. The inhibition of ROS via DPI decreased
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the cell proliferation and delayed the regeneration as well.

Later, we boosted the

antioxidant system of Mus by NAC treatment and found increased cell proliferation and
decreased senescent phenotype at D10. NAC treatment in Mus also helped in better healing
as ear hole closure rate was significantly faster compared to control animals. This data
suggested that injury induced ROS was controlled through antioxidant activity which
regulates regeneration in Acomys and scarring in Mus.

6.3

Activated senescence and apoptotic pathways during scarring in Mus
The differential response to injury during in vitro and in vivo conditions of Acomys

and Mus cells suggested that the stress sensing and coping mechanism might be different
during regeneration and scarring. The MAPK family member, p38 and its downstream
targets such as NF-κB, AP-1 and cell cycle regulators, p21 and p53 sense oxidative stress
(Jia et al., 2007).
The data suggested that during in vitro or in vivo conditions, p38 pathway was
activated (marked by its phosphorylation) in both the species but p38 mediated cellular
senescence was activated only in Mus cells. Similarly, apoptotic cells were significantly
increased during scarring in Mus whereas no significant changes were observed during
regeneration in Acomys. The injury induced ROS levels strictly regulate the levels of p38
and its downstream targets. Hence, ROS acts as a signaling center and have beneficial
role during regeneration in Acomys whereas it acts negatively in Mus cells during scarring.
The data showed that ROS mediated p38 levels were crucial for cell proliferation and plays
an important role during regeneration.
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6.4

Differential phenotype of mitochondria exists among cells from regenerators
compared to non-regenerators
Mitochondria are the powerhouse of cells which balance their physiological ROS

production during respiration via their antioxidant enzymes. The negative impact of
oxidative stress on mitochondrial function has been shown in metabolic disorders,
cardiovascular diseases, neuromuscular disorders, cancer and aging (Chatterjee et al.,
2006; Krishnan et al., 2007; Reznik et al., 2016; Rötig et al., 1997; Wallace et al., 1988).
Excess ROS can create mutations, deletions or impaired DNA replication in mtDNA which
leads to dysfunctional mitochondrial metabolism (Guo et al., 2013; Mikhed et al., 2015).
Similarly, mitochondrial shape, and mass play an important role during stress or injury or
any other pathological conditions. Our in vitro study showed that post H2O2 treatment
mitochondrial metabolism was unaffected in Acomys and Oryctolagus cells whereas we
found dysfunctional mitochondrial metabolism in Mus and Rattus cells. Thus, we tested
whether the morphological characters were different in these two groups which leads to
differential response to similar oxidative stress.

Additionally, we tested how stress

resistant capacity of regenerators relies on mitochondrial metabolism.
We performed MitoTracker staining to check the structure of mitochondria and
found that Acomys and Oryctolagus mitochondria were rounded and punctuated shaped
whereas elongated and fragmented shaped mitochondria was found in Mus and Rattus. We
also found that upon stress, the glycolytic rate was decreased only in regenerators whereas
OXPHOS was decreased only in non-regenerating cells which suggest that these two
groups rely on different metabolic process for their energy demand. The MitoTracker
staining and mitochondrial protein measurement showed that mitochondrial mass was
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significantly higher in non-regenerating fibroblasts compared to regenerator fibroblasts.
Differences in mitochondrial morphology and bioenergetics could be responsible for
differential response of cells to similar oxidative stress.

This study confirms the presence of intrinsic cellular differences during in vitro and
in vivo conditions which leads to distinctive injury response during regeneration and
scarring. It also showed that ROS has a beneficial role during regeneration in Acomys as
their antioxidant system balances ROS production and its decomposition. However,
oxidative stress acts negatively during scarring in Mus as it leads to the activation of
senescent and apoptotic pathways. It also showed that increased ROS post injury controls
the levels of p38 and p21 which eventually impact the cell proliferation or arrest. This
study opens up a new avenue about the importance of initial ROS burst during regeneration.
The modulation of ROS burst post injury and its effect on p38 MAPK signaling will be an
important link to understand the regeneration process. Finally, this study suggests that
mitochondrial bioenergetics play an important role during regeneration and scarring. The
reliance of stress resistant capacity on mitochondrial metabolism in regenerators compared
to non-regenerators is yet to be tested.

6.5

Future directions
This thesis revealed key aspects that underlie the differential response to complex

tissue injury in Mus and Acomys, and in future it will be important to continue exploring
how specific fibroblast populations respond to tissue injury. Differential labeling of
fibroblast populations can answer specific question about their contribution towards
proliferation, senescence and apoptosis. This may demonstrate how differential stress
sensing mechanisms act similarly (or differently) in fibroblast populations and the degree
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to which signals from the microenvironment (i.e., signals from immune cells) affects them
differently. Additionally, it was shown that the senescent phenotype plays an important
role during tissue healing process (Feng et al., 2019). As we found a smaller number of
senescent cells at D10 and D20 in Acomys, it will be interesting to test how these senescent
cells impact the injury response. A potential study to test the importance of senescent cells
towards regeneration in Acomys would be to treat the animals with senolytic drugs.
Moreover, an analysis of transcriptional and translational levels of senescent markers will
help to understand the importance of senescence.
Difference in mitochondrial structure and bioenergetics was found in cells from
regenerators and non-regenerators. The presence of a distinct mitochondrial phenotype in
adult Acomys connective tissue fibroblasts has opened up multiple avenues to explore
mitochondria as an important condition for maintaining homeostasis. For this, first we will
test the extent to which cells from the two groups rely on mitochondrial metabolism or
glycolysis by depleting substrates for glycolysis (glucose) and OXPHOS (pyruvate) and
measure their respiratory rate. Additionally, we have standardized the protocol to prepare
cybrids where we depleted the mtDNA from one cell and transferred isolated mitochondria
between cells. We will perform H2O2 stress exposure and check the stress resistance
capacity in Mus cells containing Acomys mitochondria. Further, we will transplant these
cybrids into the ear and test for impact on cell proliferation and ear hole closure rate post
tissue injury. Next, we will perform metabolomics on isolated fibroblasts cells as well as
on uninjured (D0) and healed time points from Acomys and Mus to find the particular
metabolite as a target to understand regeneration and scarring process. Furthermore, we
have started to explore how mitochondrial phenotype is different among aged Acomys or
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Mus and how it is relevant to regeneration and scarring processes in them. This study will
help us explore the potential role of mitochondria during mammalian tissue regeneration.
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